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Aim of the research 
Catalytic potential of enzymes is not fully exploited at industrial level and in 
chemistry due to technical difficulties and long time required for development of 
new processes. The main issues are:  
1) The choice of the biocatalyst and the planning of reaction conditions still relies  
largely on empirical approaches, leading to long experimental studies;  
2) There is still a short knowledge about molecular phenomena occurring in the 
microenvironment surrounding the enzyme and affecting biocatalyst efficiency;  
3) The experimental systems are very complex and influenced by a wide number of 
experimental variables that cannot be monitored nor measured. This is particularly 
true when immobilized enzymes  are considered. 
4) Enzymatic preparations available on the market are not homogeneous in their 
components and protein content. 
The present study concerned the stability of both native and immobilized enzymes 
in aqueous media, aqueous/organic solvent mixture and low water media (either 
organic solvent or neat substrates). Moreover, thermal stability and effect of 
microwave radiations was also considered. The enzymes taken into consideration 
were lipases (hydrolases EC 3.1.1.3), and laccases (oxydoreductases EC 1.10.3.2).  
Aiming at overcoming the above mentioned limitations, this research was focused 
on the combination of experimental and computational approaches to: 
a) analyze enzyme stability under potentially denaturing conditions (polar solvents, 
temperature, microwave radiation) trying to identify  by molecular descriptors for 
constructing correlation models (chapters 1 and 3);  
b) stabilize biocatalysts through immobilization while preserving catalytic activity 
(chapter 2);  
c) investigate experimentally the impact on immobilized biocatalysts of stabilizers 
and additives present in native crude enzyme preparations  (chapter 4)The 
computational methods used for this study are Molecular Dynamic simulations 
(MD) that, together with experimental data, tried to explain changes in the protein 
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structure and thus evaluate their stability in a given environment to better 
understand the behavior of a biocatalyst.  
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1. Stability of native lipases in water-
miscible organic solvents 
1.1 Summary 
The present study was aimed at understanding the stability of some selected 
lipases (E.C. 3.1.1.3) in 1-propanol and different aqueous-solvent monophasic 
mixtures. A heterogeneous group of lipases was chosen, for these purposes: Lipase 
B from Candida antarctica (CalB), Pseudomonas cepacia lipase (PcL) and Rhizopus 
oryzae lipase (RoL). They differ in species, taxa and structural features.1 Lipase from 
Candida antarctica (CalB) is produced by a yeast, featured by a small lid domain 
which is not able to cover the catalytic active site, it does not present distinct 
interfacial activation phenomena.2  
Lipase from Pseudomonas cepacia (PcL) is expressed by a prokaryotic organism and 
shows a very broad lid domain and undergoes significant conformational changes 
at the water/lipid interface. Rhizopus oryzae lipase (RoL) is a fungal lipase, 
differently from PcL, the lid is much smaller. However, as PcL does, RoL undergoes 
to significant conformational changes at the water/lipid interface.2 Experimental 
and computational data were collected and analyzed to understand the factors 
affecting the stability of such proteins and the structural changes responsible of 
activity loss.  
Residual hydrolytic activity was assayed after protein incubation in different media. 
Moreover, spectroscopic methods, such as Circular Dichroism (CD) and 
Fluorescence Spectroscopy, were used to monitor changes in the secondary and 
tertiary structure, respectively. 
                                                             
1 Ferrario V., Ebert C., Knapic L., Fattor D., Basso A., Spizzo P., Gardossi L., 2011, Conformational 
Changes of Lipases in Aqueous Media: A Comparative Computational Study and Experimental 
Implications, Advanced Synthesis and Catalysis, Vol.353, p.2466-2480   
2 Skjot M., De Maria L., Chatterjee R., Svendsen A., Patkar S.A., Ostergaard P. R., Brask J., 2009, 
Understanding the Plasticity of α/β hydrolase Fold: Lid Swapping on the Candida antarctica Lipase B 
Results in Chimeras with Interesting Biocatalytic Properties, ChemBioChem, Vol.10, p.520-527 
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Computational data were generated by means of Molecular Dynamic Simulations 
performed by using fine grained force fields (GROMOS) and coarse grained force 
field (Martini), which computed protein backbones mobility (RMSD).  
Despite the enzymes here considered belong to the same family (Triacylglycerol 
ester hydrolases E.C. 3.1.1.3) their behaviour resulted very different in a series of 
different potassium phosphate buffer/1-propanol mixtures. 
Lipase B from Candida antarctica (CALB) gradually loses its hydrolytic activity as the 
percentage of 1-propanol increases. From a structural point of view, spectroscopic 
data suggest changes related mainly to the surface of the enzyme. This observation 
is enforced by CD spectra that indicate no remarkable changes in the protein core 
structure. Fluorescence spectroscopy data indicated only minor changes in the 
tertiary structure for CALB incubated in buffer/1-propanol mixtures.  
Molecular dynamics simulations indicated the highest mobility occurs at the level 
of α-helix structures located on the surface of the protein and involved in the 
substrate-enzyme interactions. 
Lipase from Pseudomonas cepacia (PCL) retained better its hydrolytic activity when 
incubated in small percentages of 1-propanol than in neat phosphate buffer.  
CD experiments were in agreement to what observed by the experimental data. 
The enzyme shows a loss of superficial α-helical structure after 48 hours of storage 
in neat buffer which might be correlated to the lower residual activity observed. 
Instead, the secondary structure is preserved when the protein was diluted in 
buffer/1-propanol 75/25 mixtures. 
Molecular Dynamic simulations performed in explicit water highlighted alterations 
in the catalytic machinery after 20ns of simulation supporting the experimental and 
CD data. Fluorescence spectroscopy experiments confirmed that no alterations in 
the tertiary structure occurred after incubation in pure buffer, therefore, the 
activity loss might be ascribable only to minor alterations in the catalytic 
machinery. 
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Adding PcL to aqueous solutions containing high percentages of 1-propanol protein 
precipitation was observed. However, the protein settled displayed residual 
hydrolytic activity. This suggests that the limiting step of the application of PcL in a 
water-miscible organic solvent is not its intrinsic stability but its solubility. 
Rhizopus oryzae lipase retained high stability either in neat buffer or pure 1-
propanol. All the buffer/1-propanol mixtures looked to be detrimental for the 
enzyme, while, the precipitated protein in pure organic solvent showed almost 
complete activity retention. 
A partial loss of the superficial α-helical domain was observed by CD spectra 
recorded after RoL incubation in buffer/1-propanol 75/25 mixtures. 
By fluorescence spectroscopy a slight red shift of the wavelength emission maxima 
was observed after 48 hours of incubation in pure buffer which might explain the 
residual activity loss obtained by the experimental data.  
The study demonstrated that the combination of the different approaches is not 
only useful but fundamental to understand and explain how the surrounding 
environment affects the protein structure and hence its stability. 
1.2 Introduction 
Development of a biocatalyst for a new industrial application proceeds through 
different stages. First, an enzyme performing the desired reaction is obtained by 
selection from known enzymes (e.g. a biocatalyst panel) or by genome mining. 
Then, the enzyme is tested under (simulated) practical conditions and improved for 
the full-scale process under development by enzyme and medium engineering. At 
full scale, co-solvents are often needed to improve solubility. Many industrial 
processes even employ biocatalysts in neat organic substrates and nearly 
anhydrous conditions (e.g. transesterifications of oils and fats, synthesis of 
surfactants and polyesters). A lot of work has been done on enzyme 
thermostability, and tools have been developed for improving enzymes to operate 
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at high temperature.3,4 Furthermore, genomes from thermophilic organism may 
serve as a source of thermostable enzymes. Molecular dynamics (MD) has been 
used to identify early unfolding regions and this approach worked for increasing 
thermostability in water.5 3DQSAR models have been constructed for correlating 
structure and thermostability of enzymes coming from thermophilic and 
hyperthermophilic organisms.6 However, understanding and improving solvent 
stability and productivity in organic media has been hardly explored. Organic media 
can have large effects on the structure and dynamics of enzyme-substrate-
complexes. It has been shown that organic solvents specifically change the 
flexibility of amino acids on the protein surface. By comparing the flexibility in 
different organic solvents, a dependency between flexibility and solvent polarity 
was observed. Recently, it has been shown that solvent also mediates 
conformational changes such as lid opening: in multiple 30 ns simulations of P. 
cepacia lipase in toluene the lid moved from the closed to the fully open 
structure.1,7 Understanding the effect of organic media on the stability and activity 
of enzymes is strongly connected with the possibility to rationally select the 
reaction medium. 
 
                                                             
3 Eijsink V.G., Bjørk A., Gåseidnes S., Sirevåg R., Synstad B., van den Burg B., Vriend G., 2004, Rational 
engineering of enzyme stability, Biotechnology Journal, Vol. 113, p.105-120 
4
 van den Burg B., Eijsink V.G., 2002, Selection of mutations for incresed protein stability, Current 
Opinion in Biotechnology, Vol.13, p.333-337 
5 Pikkemaat M.G., Linssen A.B.M., Berendsen H.J.C., Janssen D.B.,2002, Molecular dynamic 
simulations as a tool for improving protein stability, Protein Engineering design and selection, Vol.15, 
p.185-192 
6 Braiuca P., Buthe A., Ebert C., Linda P., Gardossi L., 2007, Volsurf computational method applied to 
the prediction of stability of thermostable enzymes, Biotechnology Journal, Vol.2, p.214-220 
7 Rehm S., Trodler P., Pleiss., 2010, Solvent-induced lid opening in lipases: A molecular dynamics 
study, Protein Science, Vol.19, p.2122-2130 
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1.3 Results and Discussion 
The lipases studied in this work were: 
CalB coming from a yeast but expressed in the fungal microorganism (Aspergillus 
niger),  
PcL, which is from a bacterium (Pseudomonas cepacia) 
RoL, a fungal lipase produced by Rhizopus oryzae. 
CalB employed during this study was Lipozyme CalB L provided by Novozyme. The 
commercial preparation is constituted by CalB (11 mg/ml) diluted in a solution of 
glycerol, sorbitol and salts to stabilize the protein. The pH value of the enzymatic 
solution is about 4.2.8 
The PcL was Lipase PS “AMANO” SD provided by AMANO Enzymes. The commercial 
preparation is a yellowish lyophilized powder constituted by PcL (about 1%) diluted 
with dextrins.9 
RoL employed during this study was Lipase “AMANO” DF provided by AMANO 
Enzymes. The commercial preparation is a yellowish lyophilized powder constituted 
by RoL (about 1%) diluted with dextrins.10 
Therefore, the starting formulations of the native enzymes were quite different in 
terms of protein content and presence of additives. 
In order to perform a study of the behaviour of these lipases towards aqueous-
organic mixtures, all the additives and stabilizers were removed by dialysis against 
K-phosphate buffer 0.01 M pH 7.0 performed at 2-8°C.10,11,12 
After dialysis the purified proteins were stored in the same buffer at 2-8°C.10,11,12  
                                                             
8 Lipozyme CALB L, Product Technical Sheet 
9  Lipase PS AMANO SD, Product Technical Sheet 
10 Lipase AMANO DF, Product Technical Sheet 
11 McCabe R.W., Rodger A., Taylor A., 2005, A study of the secondary structure of Candida antarctica 
lipase B using synchrotron radiation circular dichroism measurements, Enzyme and Microbial 
Technology, Vol.36, p.70-74 
12 Jegannathan K.R.,  Chan E.S., Ravindra P., 2009, Physical and stability characteristics of Burkholderia 
cepacia lipase encapsulated in κ-carrageenan, Journal of Molecular Catalysis B: Enzymatic, Vol.58, 
p.78-83 
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1.3.1 Stability of Candida antarctica lipase B (CalB) 
Experimental evaluation of activity of CalB in different media  
The stability of Candida antarctica lipase B (CalB) was assayed by evaluating the 
residual activity of the protein after incubation in different aqueous-organic 
mixtures. The enzyme was incubated in the different media and kept under orbital 
agitation at 27°C for 48h. The residual activity was measured at several times 
(t=1min, then 1/5/8/24 and 48 hours) withdrawing a sample from the system.  
The systems employed for the incubation of CalB are listed below: 
100% buffer 0.01M pH 7 
75% buffer / 25% 1-propanol 
50% buffer / 50% 1-propanol 
25% buffer / 75% 1-propanol  
100% 1-propanol 
The hydrolytic activity of native CalB measured almost immediately after dialysis 
against K-phosphate buffer 0.01M pH 7.0 was considered as 100%. 
Experimental residual activities were calculated as the difference between initial 
activity measured on dialyzed protein and after treatment in different buffer/1-
propanol mixtures. 
The activity was measured in terms of tributyrin hydrolysis (Scheme 1.1) 
O
O
O + H2O
OH
OH
OH +
Tributyrin Water
Lipase
Glycerol Butyric Acid
O
(CH2)2 CH3
O
(CH2)2 CH3
O
(CH2)2 CH3
HO
O
(CH2)2 CH3
 
Scheme 1.1 Hydrolysis of tributyrin catalyzed by lipases 
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The substrate (Tributyrin, shown in Scheme 1.1) is a pure triglyceride of butyric 
acid. The lipase hydrolyses the ester bond releasing butyric acid which is titrated 
with 0.1 M NaOH solution. One unit correspond to the amount of butyric acid 
released by 1 mg of enzyme in one minute. 
The data collected and reported in Figure 1.1 demonstrate that CalB retains almost 
complete activity when incubated in pure buffer 0.01M pH 7.0 at 27°C, whereas the 
protein incubated in aqueous-organic mixtures losses its activity proportionally to 
1-propanol increment in the system. 
 
Figure 1.1 Residual activity of CalB in different buffer/1-propanol mixtures monitored as hydrolytic 
activity within 48 hours. Each point is the average of at least three tests 
In order to elucidate the mechanisms involved in the loss of enzyme activity 
spectroscopic techniques such as Circular Dichroism (CD) and Fluorescence 
Spectroscopy were exploited.  
Circular Dichroism (CD) Spectroscopy of CalB 
CalB was incubated in the same buffer/1-propanol mixtures listed in the previous 
paragraph and CD spectra recorded after 5 min of incubation at 27°C (Figure 1.2). 
In fact, the results obtained by assaying residual hydrolytic activity demonstrated 
that the major activity loss happens in the first minutes of incubation, afterward 
the trend appears almost constant. Therefore, it might be reasonable to suppose 
that after 5 min the most significant structural changes have already occurred.  
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The CD spectrum of CalB soon after dialysis against K-phosphate buffer 0.01 M pH 
7.0 was registered and considered as a reference. The spectrum of each incubation 
medium was taken as the blank and subtracted to the spectrum of the protein 
incubated in the corresponding system. 
The range of acquisition was 300-190 nm. In the so called FAR-UV region (240-190 
nm) it is possible to observe the typical α-helices, β-sheets and random coil 
structure of a protein, while in the so called NEAR-UV region (250-300 nm) signals 
of aminoacids aromatic side chains (Trp, Tyr and Phe) provide information on 
tertiary structure of the protein. However, signals in the NEAR-UV are often weak 
and therefore of difficult interpretation.13 
The crystal structure of CALB (PDB code 1-TCA) and the corresponding structure 
after molecular dynamic simulations in water at 300K (6ns) indicate a distribution 
of secondary structures that are summarized in Table 1.1. 
Table 1.1 Secondary structure composition (calculated by MOE software) on the basis of CALB 
Crystal structure and after 6 ns of Molecular Dynamic simulation 
Structure CALB crystal structure 
(PDB: 1-TCA) 
CALB “relaxed” structure (MD 
6ns) 
α-helices 39.2% 31.6% 
β-sheets 11.6% 8.5% 
β-turns 16.7% 16.1% 
Random coils 32.5% 43.8% 
As reported by Greenfield et al.13 a protein mainly constituted by α-helices shows a 
typical CD spectrum with two negative bands at 222 and 208 nm, respectively, and 
a positive band at 193 nm. Instead, β-sheet structure generally displays a negative 
band at 218 nm and a positive band at 195 nm. Finally, the typical spectrum for a 
Random Coil structure is featured by a negative band at 195 nm, while above 210 
nm the molar residue ellipticity is very low. 
 
                                                             
13 Greenfield, N.J. 2006, Using circular dichroism spectra to estimate protein secondary structure, 
Nature Protocols, Vol.1 (6), 2876-2890 
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Figure 1.2 Overlapping of CD spectra collected after CalB incubation in pure buffer, neat 1-propanol, 
buffer/1-propanol mixtures and thermal inactivated protein 
By plotting the CD spectra obtained after storing CalB in pure buffer, organic 
solvent or mixture of them (Figure 1.2) it was possible observe that protein CD 
spectrum in pure 1-propanol is quite different from the others. The α-helices 
signals around 222 and 208 nm disappeared completely, there is a negative band of 
weak intensity around 230 nm and also the maximum of the curve is shifted toward 
higher wavelength (about 200 nm). 
CD spectra recorded after storage of CalB in either pure buffer or buffer/1-
propanol mixtures display the most significant differences in the UV-region 
between 190 and 200 nm. By increasing the percentage of 1-propanol in the 
mixture, the maxima of the spectra shift towards higher wavelengths if compared 
to CalB spectrum after storage in pure buffer. The molar ellipticity in the maxima 
and minima are more intense when the protein was diluted into mixtures 
containing 25% and 50% of 1-propanol, respectively, while in 75% 1-propanol 
mixture both the negative and positive bands of the spectrum are weaker.  
According to CD spectra, from a structural point of view the protein loses its 
superficial secondary structure almost proportionately to 1-propanol increase. α-
Helices signal of CalB after storage in pure 1-propanol is negligible, however, 
considering the CD spectra gained after thermal inactivation of the enzyme, a not 
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completely structural loss of the enzyme might be assumed. As a matter of fact, to 
have a CD spectra of denatured CALB (with a typical random coil spectrum featured 
by a minimum at 200 nm) a thermal denaturation was required. 
The pink line depicted in Figure 1.2 corresponds to CD spectrum of inactivated 
CALB after denaturing treatment described in Materials and Methods section. The 
major activity loss was achieved by diluting CALB in buffer 0.01M pH 7.0 and 
incubation first in ultrasonic bath 1.30h and then water bath at 100°C for 1.30h, as 
well. The spectrum of denatured CALB shows the typical trend of a random coil 
structure with a minimum band around 198 nm (Figure 1.2). A complete loss of 
minimum band around 220 nm and also the maximum at 193 nm disappeared. 
From CD spectra collected it was possible evaluate the loss in secondary structure 
calculating the Mean Residue Ellipticity ( ) by mean of Equation 1.1 and Equation 
1.2 reported by Greenfield et al.13 
Equation 1.1  
     
    
           
   
  
Where:  
    
   
 = Ellipticity observed a 222 nm in the CD spectra (degrees) 
MRW = Mean Residue Weight = MW / (N°aminoacids-1) 
l = cell path length (cm) 
c = protein concentration (g/ml) 
MRW = 33016 / (317-1) = 104.5 since MW of CalB is 33016 KDa and it is constituted 
by 317 aminoacids 
l = 0.2 cm 
CalB concentration =0.69µM=0.0228 g/ml 
    
    = -30000 14 If a protein was made only by α-helices  
Equation 1.2 shows how to calculate the percentage of α-Helices once known MRE. 
                                                             
14 Kelly S.M., Jess T.J., Price N.C., 2005, How to study proteins circular dichroism, Biochimica et 
Biophysica Acta, Vol. 1751,  119-139 
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Equation 1.2  
            
    
   
    
    
     
The percentages of α-helices of CalB calculated by Equation 1.1 and Equation 1.2 in 
the different experimental conditions are summarized in Table 1.2. 
Table 1.2 Calculation of α-helices percentages by mean of Equation 1.1 and Equation 1.2 
CALB in the different experimental conditions % α-helices  
100% Kpi 0.01M pH 7 33.1 
25% 1-PrOH 38.9 
50% 1-PrOH 34.9 
75% 1-PrOH 30.3 
100% 1-PrOH 10.1 
Thermally denatured 4.8 
The data reported in Table 1.1 are in agreement with those listed in Table 1.2. 
By matching all the results collected in Table 1.1 and Table 1.2 it can be stated that 
the protein does not undergo significant changes in the secondary structures when 
incubated in the buffer/1-propanol mixtures. The activity loss observed might be 
ascribed to a rearrangement of the protein with partial loss of some secondary 
superficial structure such as α-helical domains, rather than to unfolding. 
When CalB is incubated in pure 1-propanol there is not only a significant activity 
loss (the protein retains only 20% of initial activity, Figure 1.1) but also a 
remarkable change in the structure: α-helices signal is disappeared and the signal 
of β-sheets is remarkable.  
An increase of β-sheets and random coils and a gradual decrease of α-helices has 
already been observed for CalB in n-hexane and ionic liquids by De Diego et al.15 
This behaviour might be related to a loss of structural water and increase of the 
rigidity of the protein due to the displacement of H-bonds between water and α-
helices. However, the lower percentage of β-structure observed in folded protein 
could also be ascribed to the fact that the incident ray strongly strikes superficial 
                                                             
15 De Diego T., Lozano P., Gmouh S., Vaultier M., Iborra L.. 2005, Understanding Structure – Stability 
Relationships of Candida antarctica Lipase B in ionic Liquid, Biomacromolecules, Vol.6, 1457-1464 
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secondary structure first (α-helices) and only partially the inner structure (the core 
of the protein) mainly characterized by β-structure. After storage in pure 1-
propanol the superficial structural changes (α-helices loss) might make the core 
(and thus β-structure) more exposed to dichroic light. This could explain the 
“apparent” increase of β-structure observed after exposure of the enzyme to high 
concentrations of 1-propanol and the corresponding decrease of α-helices. 
It might be worth to observe that the activity loss of CalB stored in 75% of 1-
propanol is comparable to that of CalB in neat organic solvent, nevertheless from a 
structural point of view the two CD spectra are almost different. This means that 
even minor changes in the protein structure can significantly affect the enzymatic 
activity. 
Fluorescence Spectroscopy of CalB 
To obtain information on the tertiary structure of CalB in different K-phosphate 
buffer/1-propanol mixtures fluorescence spectroscopy techniques were exploited.  
Most of the intrinsic fluorescence emissions of folded protein are due to excitation 
of tryptophan residues (Trp). Typically, Trp has a wavelength of maximum 
absorption at 280 nm and an emission peak that is solvatochromic, ranging from 
300 to 350 nm depending on the polarity of the local environment.16 
For example, when a protein containing a single Trp in its hydrophobic core 
undergoes denaturation by increasing the temperature a “red-shift” emission 
spectrum will appear. This is due to the exposure of the Trp residues to an aqueous 
environment as opposed to a hydrophobic protein interior. In contrast, the 
addition of a surfactant to a protein which contains a Trp which is exposed to the 
aqueous solvent will cause a “blue shift” of the emission spectrum if the Trp is 
embedded in the surfactant vesicle or micelle.17 It has been demonstrated that 
                                                             
16 “Intrinsic fluorescence of proteins and peptides”, 
http://dwb4.unl.edu/Chem/CHEM869N/CHEM869NLinks/pps99.cryst.bbk.ac.uk/projects/gmocz/fluor
.htm 
17 Caputo G.A., London E., 2003, Cumulative Effects of Amino Acid Substitutions and Hydrophobic 
Mismatch upon the Transmembrane Stability and Conformation of Hydrophobic α-Helices, 
Biochemistry, Vol.42, 3275-3285 
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environment of low polarity corresponds to a λmax emission at 331 nm, whereas for 
Trp in an aqueous phase λmax is 350-353 nm.
18 Native CalB is endowed by five 
tryptophan residues (Figure 1.3) two located on the surface and three buried Trp 
residues.19 
 
 
Figure 1.3 Crystal structure of CalB. The Trp residue are highlighted in green 
CalB is featured by three Trp residues (W52, W113 and W155) located on three 
different α-helices, and two Trp (W65 and W104) located on two β-sheets. W65 
and W155 are on superficial protein domain and therefore exposed to the solvent. 
The others three residues are buried in the hydrophobic domain of the enzyme.19 
Fluorescence emission spectra were recorded in the wavelength interval 310-450 
nm and keeping the excitation wavelength constant at 295 nm in order to 
selectively evaluate only Trp contribution in the spectrum and thus avoiding 
interference with tyrosine and phenylalanine fluorescence.20, 21 
                                                             
18 Brustein E.A., Vedenkina N.S., Irkova M.N., 1973, Fluorescence and the location of tryptophan 
residues in protein molecules, Photochemistry and Photobiology, Vol.18, 1973, 263-279 
19
 Uppenberg J., Hansen M.T., Patkar S., Jones T.A., The sequence, crystal structure determination and 
refinement of two crystal forms of lipase B from Candida antarctica, Structure, Vol.2, 1994, 293-308 
20 Ou G., Yang J., He B., Yuan Y., 2010, Buffer-mediated activation of Candida antarctica lipase B 
dissolved in hydroxyl-functionalized ionic liquids, Journal of Molecular Catalysis B: Enzymatic, Vol.68, 
66-70 
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Figure 1.4 Fluorescence spectra of CalB stored at different buffer/1-PrOH blends and compared with 
inactivated CalB (pink line) 
Figure 1.4 shows a maximum of the emission spectrum around 395 nm in the 
spectra recorded for CalB after storage in pure buffer and buffer/1-propanol 75/25 
mixture. As reported by Ou et al.20 this band might be due to the Förster-
Resonance Energy Transfer (FRET), namely, the energy transfer occurring between 
a Tyr and Trp residue when the distance among them is less than 9-18 Å. A change 
in the acceptor-donor distance can affect the extent of energy transfer and hence 
the fluorescence intensity. CalB possesses 5 Trp residues and 9 Tyr residues. Tyr 61, 
Tyr 91, and Tyr 234 make a “cage” around Trp 52, whereas Tyr 42, Tyr 135, and Tyr 
300 surround Trp 113.17 It might be expected that the lipase incubated in 100% 
buffer and buffer/1-propanol 75/25 mixture still retains its folded structure and the 
distance among these two residues is enough to allow FRET phenomenon. On the 
other hand, increasing the concentration of 1-propanol in the mixtures the protein 
adopts such structural conformation leading to an increase of the Tyr-Trp residues 
resulting in the disappearance of the maximum at 395 nm. 
All the wavelength of emission peak maxima and the corresponding fluorescence 
intensity observed for CalB spectra recorded after storage in the different 
experimental conditions are summarized in Table 1.3. 
                                                                                                                                                             
21 Vivian J.T., Callis P.R.,2001, Mechanisms of Tryptophan Fluorescence Shifts in Proteins, Biophysical 
Journal, Vol.80, 2093-2109 
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Table 1.3 Wavelength of emission peak maxima and the corresponding Fluorescence intensity 
values observed in the spectra recorded for CalB after storage in the different experimental 
conditions 
CALB in different experimental 
conditions 
Wavelength of emission peak 
maxima (nm) 
Fluorescence 
Intensity 
(A.U.) 
100% Kpi 0.01M pH 7 327.4 904.5 
25% 1-PrOH 328.2 854.1 
50% 1-PrOH 327.2 898.7 
75% 1-PrOH 327.4 771.5 
100% 1-PrOH 325.8 898.0 
Thermally Denatured 349.8 276.0 
As can be seen in Table 1.3 there are changes in the emission peak maxima and 
fluorescence intensity, too. Comparing the spectra of the enzyme after storage in 
25% 1-propanol to that recorded after dilution in pure buffer a slight red-shift of 
about 1 nm of the maximum can be observed.  
Denatured CalB shows a remarkable red-shift (about 22 nm) and a significant 
reduction of fluorescence intensity. The emission maximum at 350 nm is typical of 
Trp residues exposed to water. The movement toward higher wavelength indicates 
that the environment surrounding Trp residues is becoming more polar22 and 
therefore to the solvent employed for the experiments. 
The spectrum of CALB stored in pure 1-propanol displays a slight blue-shift of the 
maximum. Probably the polarity of the environment surrounding Trp residues is 
decreased due to the increase of β-sheets, the rigidity of the structure and 
consequently a less exposition to the solvent. 
Computational simulation of unfolding kinetic at 360 K 
The results obtained by CD and fluorescence spectroscopy experiments allow 
evaluating the general folding state of the protein in the experimental conditions 
studied but they do not give any information about the kinetic and the structures 
mainly involved in the unfolding process. 
                                                             
22 Dill K.A., 1990, Dominant forces in protein folding. Biochemistry, Vol. 29, 7133–7155 
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Molecular dynamic simulations (MD) at 300 and 360 K were performed in 
collaboration with Dr. Valerio Ferrario (LACB, University if Trieste) aimed at 
understanding which are the protein domains mainly endowed with 
conformational mobility and can be subjected to changes in the secondary 
structure.  
The force-field employed for MD simulations was GROMOS-96 53a6 23; the enzyme 
was put in the center of a cubic space of 343 nm3 and solvated with explicit water 
mimicking the experimental density.  
CalB presents a small lid domain, which can be roughly identified with an α-Helix 
comprising residues from Thr142 to Ala146.2 
In the first part of the study, the crystal structure of CalB (PDB: 1LBS, crystalized 
with inhibitor) was subjected to 20 ns MD simulation in explicit water at 300K and 
the mobility of the whole enzyme was evaluated through RMSF calculation (Figure 
1.5). 
 
Figure 1.5 RMSF analysis computed on the Cα of each residue of CalB. On the x axis the residue 
numbers are indicated; on the y axis the RMSF values in nm. The RMSF of residues corresponding to 
the lid domains are highlighted 1 
                                                             
23 Oostenbrink C., Villa A., Mark A.E., van Gunsteren W.F., 2004, A biomolecular force ﬁeld based on 
the free enthalpy of hydration and solvation: the GROMOS force-ﬁeld parameter sets 53A5 and 53A6, 
Journal of Computational Chemistry, Vol. 25, 1656-1676 
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After 20ns of simulation the small lid of CalB is characterised by RMSF below 0.2 
nm whereas RMSF values of 0.35 nm are ascribable to residues 1-12 of a terminal 
and superficial loop and a long C-terminal α-helix (residues 268-287). The latter has 
been reported to be involved in active site accessibility.2 
The analysis of CalB conformation shows that after 20 ns in explicit water the small 
lid domain does undergo some modest conformational changes but this does not 
translate into the closing of the active site due to the small size of the lid. The 
superimposition of the closed and open structures shows how the active site 
remains accessible in both conformations (Figure 1.6). As a matter of fact, after 
simulation the conformation resulted in no significant variation in the hydrophobic 
surface and in the solvent accessible area.1 
 
Figure 1.6 Evaluation of mobility of superficial loops in CalB. Superimposition of crystal structure of 
CalB (PDB 1LBS) in blue and final structure of CalB calculated after 20 ns of MD simulation in explicit 
water at 300 K (in red).1 
In Figure 1.6 the most mobile domains during 20 ns of simulation in explicit water 
are highlighted. The green frame contains the small lid domain, which is 
constituted by residues from 142 to 146. The superimposition of the closed and 
open structures shows how the active site remains accessible in both 
conformations. The black frame includes the superficial loop endowed with the 
highest mobility (residues from 1 to 12), as also confirmed by the RMSF of 0.35 nm 
(Figure 1.5).  
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For the simulations in explicit water at 360 K the structure 1TCA (Protein Data 
Bank, PDB code) of CalB was used.  
System equilibration steps were necessary in order to avoid drastic conformational 
changes of the protein if put directly at 360 K. At the initial level the system was 
minimized and dynamized for 6 ns at 300 K; subsequently, the system was 
minimized and dynamized for 500 ps at 320 and 340 K. After the last equilibration 
step the temperature was increased to 360 K and the minimized system was 
dynamized for 40 ns. The 40 ns simulation was analyzed considering parameters 
related to structural modifications of the protein: RMSD (Root Mean Square 
Deviation). This parameter considers the differences of all the atom of the protein 
backbone during time making a comparison with a reference protein structure, in 
this case it was the starting point of the dynamic, the minimized structure at 360 K 
(Figure 1.7). 
 
Figure 1.7 RMSD of CalB structure during 40 ns of simulation at 360 K 
As Figure 1.7 shows, after a quick increase of RMSD the protein reach a sort of 
equilibrium in 10 ns reaching a mean deviation of 3 Å. 
After 15 ns RMSD increases further and then seems to be stabilized again. 
After 40 ns of MD simulation, RMSD is still increasing without reaching an 
equilibrium. 
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Of course, molecular simulation at 360 K should be carried out for longer time 
(milliseconds) for a more comprehensive description of the conformational 
changes and unfolding mechanisms however, the data here reported indicate that 
significant structural variations of on the secondary structure of superficial domains 
occur within 40 ns. 
In order to identify the protein domains that undergo to major changes during the 
simulation, the analysis of the RMSD of each protein residue was carried out 
(Figure 1.8). 
 
Figure 1.8 RMSD of CalB at 360 K during 40 ns of MD simulation. RMSD values were calculated only 
by considering Cα of the protein 
It is worth to notice that this analysis was performed on the Cα of the protein only 
and not on all the protein atoms, so that the absolute values of this analysis can be 
slightly different from the RMSD values computed on different protein residues. 
As shown in Figure 1.8, the major changes (RMSD>5 Å) are located in the protein 
domains between the amino acid residues 7 and 17, 138 and 146, 243 and 256 and 
between residues 278 and 284. The residues displaying the major changes 
(residues between amino acid residues 138 and 146) belong to the lid domain of 
the enzyme. 
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Figure 1.9 displays the overlapping of the protein structure after minimization and 
dynamization, respectively, at the same temperature (360 K); in red the main 
differences among the two structures are highlighted. 
There are further minor differences between the two structures and it must be 
underlined that only α-helices domains are involved, while, β-sheets structures 
buried in the protein core are preserved. 
 
Figure 1.9 Overlapping of CalB structure minimized at 360K (green) and the structure of CalB 
dynamized at 360K (blue). In red the major differences among the structures are highlighted 
A deeper analysis was performed to detect time-dependent changes on the 
secondary structure on the protein. 
Figure 1.10 shows an analysis of the variation of amino acid residues belonging to a 
certain type of secondary structure in the protein. 
In this figure every amino acid residue is differently coloured on the basis of the 
secondary structure it belong to (i.e. blue colour=amino acid residue on α-helical 
structure). All the residues are reported in ordinate in the figure below. Those 
aminoacids that maintain the same colour indicate no change in the corresponding 
conformation. On the contrary, changes in the colour indicate that a particular 
domain has lost its structural organization. 
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Figure 1.10 Secondary structure analysis (SSA) of CalB during 40 ns of simulation at 360 K 
Not all the α-helices of the protein result unfolded and some domains look stable 
during the 40 ns of simulation. As an example, the domains between amino acid 
residues 80-90, 163-170 and 230-240 correspond to aminoacids with unchanged 
blue colour. According to the 3D structure, these stable α-helices are not 
completely exposed to the surface of the protein (Figure 1.11). 
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Figure 1.11 Structure of CalB after 40ns of dynamization at 360K (blue). The most stable α-helices 
are highlighted in orange 
On the other hand, the α-helical domain 278-284, (Figure 1.10) displays a high 
RSMD and the superimposition shows a clear random coil structure (white) or bend 
(green) occurred in the first 2 ns of MD simulation. These two amino acid residues 
belong to the first part of α10 helix, which is near the catalytic site and supposed to 
be involved in the substrate active site accessibility.2 
Even the MD simulation summarized in Figure 1.10 highlights how the changes in 
the protein structure are more significant on α-helical domains which become turns 
in the first 10 ns of simulation (blue line turning to yellow colour), while β-sheets 
keep their structure unaltered (red lines). 
Computational simulations confirm that the activity loss of CalB at elevated 
temperatures might be ascribed to alteration involving superficial α-Helices. 
The protein core, mainly constituted by β-sheets, is preserved. Even if the protein is 
no more in an active conformation the enzyme is not completely unfolded. 
MD simulation is in agreement with CD spectra where only the reduction/loss of α-
Helices was observed but not that of β-sheets. 
This simulation considers the initial part of protein unfolding which is responsible of 
activity loss. Increasing the simulation time might allow to observe further 
conformational changes which presumably might involve the core of the protein.  
Therefore, both spectroscopic and MD data support the conclusion that the 
observed loss of catalytic activity of the CalB protein when exposed to buffer/1-
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propanol mixtures  can be ascribed to conformational changes involving only few 
superficial domains. 
1.3.2 Stability of Pseudomonas cepacia lipase 
PcL Residual hydrolytic activity after water/water miscible organic solvent 
incubation  
The stability of Pseudomonas cepacia lipase (PcL) in water-miscible organic solvents 
was studied by assaying the hydrolytic activity of dialyzed protein (Scheme 1.1) 
before and after incubation in different buffer/1-propanol mixtures as summarized 
below: 
100% K-phosphate buffer 0.01M pH 7 
75% K-phosphate buffer/ 25% 1-propanol 
50% K-phosphate buffer/ 50% 1-propanol 
25% K-phosphate buffer/ 75% 1-propanol  
100% 1-propanol 
The hydrolytic activity of free PcL after dialysis stored in K-phosphate buffer 0.01M 
pH 7.0 before incubation in the systems described above was considered as 100%. 
The data collected and reported in Figure 1.12 demonstrate that PcL stored in pure 
buffer retains its activity almost unchanged for the first four hours. Afterwards, the 
activity slightly decreases reaching comparable values after 24 and 48 hours 
respectively. 
When the enzyme was incubated in buffer/1-propanol mixtures 50/50, 25/75 and 
in neat organic solvent, respectively, the residual activity fluctuates probably due to 
protein precipitation, which made difficult the withdrawals for the analytical assay. 
Despite protein precipitation, activity tests performed on sediment revealed that 
the enzyme was still active while activity tests performed on supernatant showed 
negligible activity confirming that protein precipitation might be ascribed to low 
enzyme solubility in the media rather than protein inactivation and subsequent 
aggregation and precipitation.24 
                                                             
24 Bommarius A.S., Riebel B.R., Biocatalysis, 2004 Whiley-VCH Verlag GmbH and Co., KGaA, Weinheim 
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Interestingly, when the protein was kept in a slight percentage of 1-propanol 
(buffer/1-propanol 75/25), the residual activity was maintained after 48 hours and 
higher than the activity observed in pure buffer. In addition, the protein was 
completely stable in these conditions.  
 
Figure 1.12 Residual hydrolytic activity of dialyzed PcL assayed after storage in different water/1-
propanol mixtures at given times. Each point is the average of at least three tests 
Aiming at explaining which are the factors affecting the different behaviour of the 
protein stored in buffer/1-propanol mixtures and understanding if structural 
changes are liable to enzymatic activity loss, circular dichroism (CD) and 
fluorescence spectroscopy techniques were used. 
Circular Dichroism Spectroscopy (CD) of PcL 
CD experiments were carried out aiming at the detection of any changes in the 
secondary structure of the protein related to the buffer/1-propanol mixtures 
considered for the stability study. 
Unfortunately CD experiments were feasible only on protein diluted into buffer/1-
propanol 100/0 and 75/25 mixtures (Figure 1.13) due to protein precipitation and 
turbidity observed when the enzymatic solution was added into mixtures 
containing higher percentages of 1-propanol (50, 75 and 100%). 
The experiments were performed adopting the same conditions employed testing 
the residual hydrolytic activity and recording CD spectra immediately after 
incubation and after 48 hours, respectively. Indeed, according to Figure 1.12, 
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changes in the residual hydrolytic activity occur in the first hours then reaching 
nearly constant values after 48 hours. 
The CD spectrum of dialyzed PcL stored in buffer 0.01M pH 7.0 was taken as a 
reference. In order to detect any absorbance of the solvents a spectrum of the 
buffer and buffer/1-propanol 75/25 mixture was registered and subtracted to the 
corresponding protein spectrum. Acquisition interval chosen for the spectra was 
between 300 and 190 nm.  
In the so called FAR-UV region (240-190 nm) it is possible to observe the typical α-
Helices, β-sheets and random coil structures of a protein while in the so called 
NEAR-UV region (250-300 nm) signals of aminoacids aromatic side chains (Trp, Tyr 
and Phe) provide information on tertiary structure of the protein. However, signals 
in the NEAR-UV are often weak and therefore of difficult interpretation.13 
 
Figure 1.13 Overlapping of CD spectra recorded for PcL after storage in buffer/1-propanol 100/0 and 
75/25 mixtures, at 0 and 48 hours, respectively 
The two CD spectra recorded for PcL after t=0 and after 48 hours of storage in 
water/1-propanol 75/25 mixture are almost super imposable (lines green and 
violet, respectively). These data confirm what already observed in the experimental 
results (Figure 1.12), namely, the protein retains its secondary structure (and 
therefore its activity) even after 48 hours.  
When the protein was kept in pure water at temperature t=27°C a difference in the 
CD spectra recorded at t=0 and t=48 hours respectively, was observed (lines blue 
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and orange, respectively). After 48 hours the band around 210 nm decreased and 
the minimum shifted towards higher wavelength (about 215 nm). Furthermore, the 
maximum of the positive band is shifted toward higher wavelength, as well (Table 
1.4). 
Literature reports that the maximum band for α-helical structure is about 193 nm, 
while β-plates sheets maximum band is about 195 nm.13  
Table 1.4 reports wavelengths corresponding to maxima and minima bands 
observed for each sample. 
Table 1.4 Summary of wavelengths corresponding to minima and maxima bands of the CD spectra 
Sample Negative band 
Minimum λ 
Negative band 
Minimum λ 
Positive band 
Maximum λ 
PcL 0.69µM_Pure water t0h 221.0 210.4 196.2 
PcL 0.69µM_Pure water t48h 222.0 215.6 197.8 
PcL 0.69µM_25%PrOH t0h 221.0 210.2 194.0 
PcL 0.69µM_25%PrOH t48h 220.4 209.4 194.2 
According to Table 1.4, at t=0 h the minimum λ of bands of α-helical structure of 
PcL in pure water are quite in agreement with what reported in literature13, while 
the maximum λ of positive band falls at higher wavelengths. After 48 hours in pure 
water the second minimum of the negative band is disappeared and only a flat area 
near 215 nm was observed. On the basis of these observations it might be assumed 
that the denaturation process firstly involves the superficial area of the protein, 
which is constituted mainly by α-helices (Figure 1.13). 
When the protein is exposed to small percentages of 1-propanol the positive bands 
in the spectra are more intense if compared to spectra recorded for the protein in 
pure buffer. Moreover, after 48 hours in buffer/1-propanol 75/25 mixture the 
negative band of the spectrum is slightly more intense than that of PcL kept in the 
same conditions for shorter time (t=0 h). 
Aiming at explaining the changes in the secondary structure of PcL, Equation 1.1 
and Equation 1.2 were exploited (Table 1.5). Results were compared to those 
calculated on the basis of the PcL crystal structure found in PDB data base (PDB 
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name: 3LIP)25 and edited by the bioinformatic tools provided by SRS 6 web site26 
(Table 1.6). 
Table 1.5 Percentage of α-helices calculated by mean of Equation 1.1 and Equation 1.2 
Sample % α-helices t=0 h % α-helices t=48 h 
PcL 0.69 µM_Pure buffer 46.3 33.7 
PcL 0.69 µM_25% n-PrOH 45.0 45.5 
Table 1.6 Secondary structure percentages calculated by SRS 6 on the basis of PcL lipase crystal 
structure (PDB name: 3LIP) 
Sample % α-helices % β-stucture Random Coil % 
P.cepacia lipase 
(PDBcode:  3LIP) 
19.4 59.2 26.6 
The overestimation of α-Helices percentage obtained from the application of 
Equation 1.1 and Equation 1.2 might be explained considering that the incident ray 
of Circular Dichroism strongly strikes superficial secondary structure first (α-Helices) 
and only partially the inner structure (the core of the protein) which is mainly 
characterized by β-structures (see Figure 1.14). 
 
Figure 1.14 Crystal structure of the opened conformation of PcL 
However, according to data reported in Table 1.5 the enzyme stored in pure water 
shows initially about 46% of α-Helices and after 48 hours of storage under the same 
conditions (27°C) α-helices decrease to less than 34%.  
                                                             
25 www.pdb.org 
26 srs.ebi.ac.uk 
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Instead, the protein incubated in a buffer/1-propanol 75/25 system does not 
undergo any significant variation in the percentage of α-helices (45%) even after 48 
hours. Therefore, it looks like low percentages of organic solvent contribute to a 
sort of stabilization of α-structure on the surface of the protein. 
Fluorescence Spectroscopy of PcL 
Fluorescence spectroscopy was used for further investigating the alteration 
induced in the protein structure by small percentages of the water-miscible organic 
solvent.  
Native PcL is endowed with three tryptophan (Trp30, Trp209 and Trp284) residues. 
Two of them are located on the surface and the last one on a β-sheet constituting 
the core of the protein (Figure 1.17 and Figure 1.18). 
The solution containing the purified P. cepacia lipase was diluted by different 
buffer/1-propanol mixtures for fluorescence spectroscopy experiments. 
The dilution of the aqueous protein solution caused precipitation and turbidity 
when the final percentage of 1-propanol was above 25%. Hence the fluorescence 
spectra were recorded only for the protein incubated in buffer/1-propanol 100/0 
and 75/25 mixtures (Figure 1.15 and Figure 1.16). 
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Figure 1.15 Fluorescence spectra of P. cepacia lipase after storage in K-phosphate buffer at t 0 hours 
(blue line) and t 48 hours (orange line) 
 
Figure 1.16 Fluorescence spectra of P. cepacia lipase after storage in K-phosphate buffer/1-propanol 
75/25 mixture at t 0 hours (green line) and t 48 hours (violet line) 
CD data recorded for PcL after incubation in pure buffer at t 0 and 48 hours showed 
alterations in the secondary structure, while fluorescence spectra of PcL after 0 and 
48 hours of storage in pure buffer are superimposable. This means that the 
surrounding environment of Trp residues in the protein is unchanged, therefore, 
the tertiary structure of the protein is supposed to be preserved. 
Fluorescence spectrum of PcL after 48 hours of storage in buffer/1-propanol 
mixture 75/25 does not show any shift in the maximum of the curve but the 
fluorescence intensity is increased as compared to the spectrum recorded in the 
same conditions a t=0. 
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Ou et al20 observed that changes in the Trp intensity are most likely due to Forster-
resonance energy transfer (FRET). The most commonly resonance energy transfer 
observed in proteins is from tyrosine to tryptophan side chain. Deep analysis of the 
area surrounding Trp residues in PcL structure highlighted the presence of Tyr 
residues (Figure 1.17 and Figure 1.18). 
 
Figure 1.17 Crystal structure of PcL. In the picture Trp residue (Trp30) and its closer Tyr residues 
(Tyr23, Tyr29, Tyr31, Tyr45) whose distance is within 9 Å 
 
Figure 1.18 Crystal structure of PcL. In the picture Trp residue (Trp209) and its closer Tyr residues 
(Tyr207, Tyr274, Tyr282) and Trp residue (Trp282) and its closest Tyr residue (Tyr282). Distances 
among Trp and Tyr residues are within 9Å 
A possible explanation of the increase of fluorescence intensity is that storage in K-
phosphate buffer/1-propanol 75/25 mixture might increase the rigidity of the 
protein, so that the enzyme adopts such conformation that the energy transfer 
between Tyr and Trp residues is greater.20  
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The increase in the structure rigidity of the protein might account for the higher 
residual activity observed when PcL was incubated in K-phosphate buffer/1-
propanol mixture compared to that determined after incubation in pure K-
phosphate buffer. Finally, it might explain the preservation of secondary structure 
observed from CD spectra. 
Computational simulation of PcL in explicit water 
A computational analysis of the protein was carried out with the aim of provide 
further support to the experimental and experimental data  
Crystal structure of PcL was simulated for 20 ns in explicit water. Then the 
superficial domains of the protein were analyzed focusing the attention on those 
domains located above the catalytic site of the enzyme. 
Molecular dynamics simulations were performed using the software GROMACS 4 27 
with the GROMOS-96 53a6 force field.28The protein crystal structure (PDB code: 
3LIP) was solvated with explicit SPC water in a virtual box of 343 nm3. 
The huge lid domain of PcL is made by 30 aminoacids, corresponding to residues 
from Gly116 to Leu149. This lid has an arch shape with its first half (from Gly116 to 
Pro131) more rigid and stabilized in its open state by two hydrogen bonds formed 
between Ser117 and Leu167 and between Asp121 and Thr169 (Figure 1.19). These 
two hydrogen bonds are retained even after 20 ns MD simulation in water.  
The second half of the arch (from Thr132 to Leu149) is stabilised by only one 
hydrogen bond between Asn144 and Ala160, which is lost during the MD 
simulation in explicit water (Figure 1.19).1 
                                                             
27 Hess B., Kutzner C., Van Der Spoel D., Lindahl E., 2008, GROMACS 4: Algorithms for highly efficient, 
load-balanced, and Scalable Molecular Simulation, Journal of  Chemical Theory and Computation, 
Vol.4, p.435-447 
28 Oostenbrink C., Villa A., Mark E., Van Gunsteren W.F., 2004, A biomolecular  force field on the free 
enthalpy of hydration and salvation. The GROMOS force-field parameter sets 53A5 and 53A6, Journal 
of Computational Chemistry, Vol.25, p.1656-1676 
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Figure 1.19 Hydrogen bonds stabilizing the arch shaped lid in the open conformation of PcL 1 
Since the two hydrogen bonds of the “major” lid (Ser117-Leu167 and Asp121-
Thr169) are retained after 20 ns MD simulation, the extension of the movement of 
the major lid is also quite limited.1 
At the opposite side of the main lid (See Figure 1.14) and above the catalytic site 
there is an α-Helix domain (Asp209-Lys223) acting as a sort of “second minor lid” 
and a flexible and superficial β-hairpin domain (two antiparallel β-sheets generated 
by residues 216 - 226) which is located opposite to the enzyme lid. 
β-Hairpin domain contributes to the stabilization of the “putative” second lid of PcL 
in its open conformation by forming two hydrogen bonds between Asn257-Thr224 
and between Gln262-Gln215 (Figure 1.20). Only the first one is lost during the 20 ns 
MD in water, so that only the upper part of the hairpin moves away from the α-
Helix. Consequently, this second putative lid does not change its position 
considerably and does not occlude the active site. 
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Figure 1.20 Hydrogen bonds stabilizing the second lid domain and the β-hairpin 
Mean Square Fluctuations (RMSF) indicate that the two lids are not the most 
mobile domains of the protein. Indeed, residues 1-10 are quite flexible since they 
correspond to a superficial and not structured domain (Figure 1.21). 
 
Figure 1.21 RMSF analysis computed on the cα of each residue for PcL as a result of MD simulation. 
On the x axis the residue number are indicated; on the y axis the RMSF values in nm. The RMSF of 
residues corresponding to the lid domains are highlighted
1 
The conformation achieved after 20 ns MD leads to a partial coverage of the active 
site and the GRID analysis reveals how a considerable part of the hydrophobic 
active site remains exposed to the solvent. 
It must be underlined that the structure obtained after 20 ns MD cannot be 
compared with a closed crystal structure as can be observed in Figure 1.22. 
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Figure 1.22 Superimposition of PcL open conformation (green, from crystallographic structure) and 
the conformation calculated after 20 ns MD simulation in explicit water (pink). The pink frame 
contains the portion of the “main” lid domain involved in the stabilization of the open 
conformation. The green frame includes the α-helix of the second “putative” lid and the β-hairpin 
(residues from 216-to 160) that is the most mobile domain of PcL 
MD simulation demonstrates that no significant variation of the superficial domains 
occurs when the protein is incubated in water.  
Aimed at shedding light on the reason why after prolonged time in buffer the 
protein retains less activity than in the presence of small percentages of 1-propanol 
we moved to consider in more detail the variations occurring at the level of the 
catalytic machinery. 
The conformational analysis of the catalytic machinery was performed on PcL 
exposed to explicit water and by focusing the attention on the residues directly 
involved in the stabilization of the tetrahedral intermediate. The first step was the 
identification of the residues forming the catalytic machinery of the enzyme 
considered, namely the catalytic triad and the oxyanion hole and then the 
retention of a correct geometry, compatible with the catalysis, was assessed.1 
Ferrario et al.1 have observed that during 20 ns of simulation the residues undergo 
to pronounced spatial variations. Both catalytic triad (Figure 1.23 a) and oxyanion 
hole (Figure 1.23 b) are subjected to a distortion of the geometry. In particular, an 
increment of the distance between Asp264 and His286 residues in the catalytic 
triad was observed.  
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a b 
Figure 1.23 Analysis of the geometry of the catalytic machinery of PcL. The structure is in green, 
whereas the final conformation after the 20 ns MD simulation is in magenta 
These observations suggest that even when the lid closure is not complete the 
conformational changes occurring inside the active site might be sufficient to 
decrease the catalytic efficiency of the lipase and there is an important 
contribution associated to the geometry and relative spatial position of the 
catalytic machinery. Indeed, in other lipases different structural 
Features involved in lipase activation/deactivation were observed.29,30 For instance, 
the bile-salt activated lipase undergoes a modification in the conformation of the 
oxyanion hole upon exposure to the bile salts.30 
1.3.3 Rhizopus oryzae lipase: Stability Study 
RoL Residual hydrolytic activity after water/water miscible organic solvent 
incubation  
The stability of Rhizopus oryzae lipase (RoL) in water-miscible organic solvents was 
studied by assaying the hydrolytic activity of dialyzed protein before and after 
incubation in different K-phosphate buffer/1-propanol mixtures summarized 
below: 
100% K-phosphate buffer 0.01M pH 7 
                                                             
29
 Nardini M., Dijsktra B.V., 1999, Alpha/beta hydrolase fold enzymes: the family keeps growing, 
Current Opinion in Structural Biotechnology, Vol.9, p.732-737 
30 Chen J. C., Miercke L. J., Krucinski J., Starr J. R., Saenz G., Wang X., 1998, Structure of Bovine 
Pancreatic Cholesterol Esterase at 1.6 Å:  Novel Structural Features Involved in Lipase Activation, 
Biochemistry, Vol.37, p.5107-5117 
Stability of native lipases in water-miscible organic solvents 
 
42 
75% K-phosphate buffer/ 25% 1-propanol 
50% K-phosphate buffer/ 50% 1-propanol 
25% K-phosphate buffer/ 75% 1-propanol  
100% 1-propanol 
The hydrolytic activity of free RoL after dialysis and before incubation was 
considered as 100%. In all cases, except from neat K-phosphate buffer, some 
protein precipitation was observed. 
The data collected and reported in Figure 1.24 demonstrate that RoL loses quickly 
and completely its activity when incubated in K-phosphate buffer/1-propanol 
mixtures (25/50, 50/50 and 75/25, respectively). Surprisingly, the enzyme retains 
its activity in neat organic solvent for at least 48 h, whereas in pure K-phosphate 
buffer there is a complete loss of activity within the same range of time.  
Denaturation by intermediate levels of organic solvents is thought to be due to 
disruption of driving forces for protein folding, particularly the hydrophobic effect.  
The water content at which enzyme denaturation can be expected depends on the 
physic-chemical properties of the solvent.31 
In all cases, but in neat K-phosphate buffer, protein precipitation was observed.  
Activity tests performed on sediment revealed that the enzyme kept in organic 
solvent was still active while no activity was observed on the protein re-suspended 
after treatment in K-phosphate buffer/1-propanol mixtures.  
                                                             
31 Ulijn R.V., Janssen A.E.M., Moore B.D., Halling P.J., Kelly S.M., Price N.C., 2002, Reversible 
Acetonitrile-Induced Inactivation/Activation of Thermolysin, ChemBioChem, Vol.3, p.1112-1116 
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Figure 1.24 Residual Hydrolytic activity of dialyzed RoL assayed after storage in different water/1-
propanol mixtures at given times. Each point is the average of at least three tests 
Circular Dichroism (CD) and fluorescence spectroscopy were used for explaining the 
factors affecting the different behaviour of the protein incubated in K-phosphate 
buffer and in buffer/1-propanol mixtures and for observing any structural change 
which might be liable of the loss of enzymatic activity. 
RoL Circular Dichroism Spectroscopy 
Unfortunately, CD experiments were feasible only on protein dissolved in pure K-
phosphate buffer or in 75/25 mixtures of water/1-propanol (Figure 1.25). In all 
other cases, protein precipitation and turbidity were observed upon addition of the 
enzymatic solution. 
The experiments were performed adopting the same conditions employed for the 
assay of hydrolytic activity (Figure 1.24) and the CD spectra were recorded 
immediately after incubation. 
As reference point the CD spectrum of dialyzed RoL diluted in K-phosphate buffer 
0.01M pH 7.0 was taken into account. In order to detect any absorbance of the 
solvents a spectrum of K-phosphate buffer and K-phosphate buffer/1-propanol 
75/25 mixture were registered and subtracted to the matching protein spectrum. 
Acquisition interval chosen for the spectra was between 300 and 190 nm. 
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In the so called FAR-UV region (240-190 nm) it is possible to observe the typical α-
Helices, β-sheets and random coil structures of a protein while in the so called 
NEAR-UV region (250-300 nm) signals of amino acids aromatic side chains (Trp, Tyr 
and Phe) provide information on tertiary structure of the protein. However, signals 
in the NEAR-UV are often weak and therefore of difficult interpretation.13 
 
Figure 1.25 Overlapping of CD spectra recorded for Rhizopus oryzae lipase after storage in water/1-
propanol 100/0 and 75/25 mixtures, at t=0 hours  
The two CD spectra recorded for RoL after at t=0 hours of storage in neat K-
phosphate buffer and K-phosphate buffer/1-propanol 75/25 mixture are quite 
different especially in the wavelength range 230-210 nm.  
The blue line depicted in Figure 1.25 corresponds to the CD spectra of lipase stored 
in pure K-phosphate buffer and shows the typical double negative band of the α-
helical domain.  
The CD spectrum recorded for the same protein diluted in K-phosphate buffer/1-
propanol 75/25 mixture (orange line) shows a partial loss of the α-helical structure.  
The maximum of the positive band is more intense in the spectrum recorded for 
RoL incubated in low percentages of 1-propanol. However, for both spectra the 
maximum of the positive band is about 193.8 nm. 
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RoL Fluorescence Spectroscopy 
Aiming at further investigating the alteration induced in the protein structure by 
small percentages of water-miscible organic solvent fluorescence spectroscopy 
techniques was also exploited.  
RoL is endowed with 3 Trp residues: Trp220 and Trp34 are exposed to the solvent, 
while Trp42 in partially shielded by alpha-helical domain (Figure 1.26). 
 
Figure 1.26 Structure of Rhizopus oryzae lipase built by homology model 
Purified RoL was diluted in the different buffer/1-propanol mixtures for 
fluorescence spectroscopy experiments. 
As already observed, the protein added to buffer/1-propanol mixtures (50/50, 
25/75 and 0/100) caused turbidity. However, for all samples it was possible to 
record spectra at t=0 h and at t=48 h (Figure 1.26 and Figure 1.27). 
The Fluorescence spectrum recorded for the protein diluted in pure buffer was 
considered as reference point. 
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Figure 1.27 Fluorescence spectra of RoL in K-phosphate buffer/1-propanol mixtures at t=0 hours 
As can be seen in Figure 1.27 and summarized in Table 1.7, when the protein was 
diluted in buffer/1-propanol 75/25 and 50/50 mixtures the emission maximum 
shifted towards higher wavelength. On the contrary, when the enzyme was 
incubated in buffer/1-propanol 25/75 mixture or in neat organic solvent, the 
emission maximum moved to lower wavelength. This is probably due to the fact 
that the Trp residues are all exposed to the solvent, therefore, the variation in 
emission maxima is related to a different polarity of the solvent rather than protein 
conformational changes. 
No conclusion can be drawn concerning the intensity of the fluorescence emission 
since it depends on protein concentrations and most of the systems analyzed 
varied in their concentration because of the partial precipitation of the protein. 
Table 1.7 Wavelength corresponding to fluorescence emission maxima recorded for RoL 
conditioned in the different experimental conditions at t=0 hours 
Sample Emission wavelength (nm) 
RoL_100%Kpi 337,6 
RoL_25%PrOH 342,2 
RoL_50%PrOH 339,8 
RoL_75%PrOH 331,0 
RoL_100%PrOH 333,2 
In Figure 1.28 the fluorescence spectra were recorded after 48 hours of storage at 
t=27°C. 
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Figure 1.28 Fluorescence spectra of RoL after storage in K-phosphate buffer/1-propanol mixtures at 
t=48 hours 
Data recorded after 48 hours of incubation are comparable to those observed at 
t=0 hours. The samples of RoL incubated in K-phosphate buffer/1-propanol 75/25 
and 50/50 still shown a red shift of the maximum emission peak, meanwhile, the 
protein samples stored in buffer/1-propanol 25/75 and pure 1-propanol displayed a 
further blue shift (Table 1.8). 
Table 1.8 Wavelength corresponding to fluorescence emission maxima recorded for RoL 
conditioned in the different experimental conditions at t=48 hours 
Sample Emission wavelength (nm) 
RoL_100%Kpi 339,8 
RoL_25%PrOH 341,6 
RoL_50%PrOH 341,2 
RoL_75%PrOH 332,8 
RoL_100%PrOH 327,0 
It might be interesting to note that, after 48 hours of storage, also the protein 
incubated in pure buffer showed a slight red shift in the maximum emission 
wavelength, most probably ascribable to the Trp42 which, according to Figure 1.26, 
is located on an α-Helical domain and it is partially shielded by another α-helical 
domain. Therefore, data suggest that protein structure in pure buffer might 
undergo to conformational changes that the Trp residues get exposed towards a 
more hydrophilic environment. 
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This might account for the activity loss observed after 48 hours of incubation in 
pure buffer (Figure 1.24). 
RoL demonstrated to lose completely its activity in buffer/1-propanol mixtures. CD 
data reveal that in buffer/1-propanol mixture the superficial α-helical domains 
signal is absent. This might account for the activity loss observed experimentally. 
When the protein was incubated for long time in K-phosphate buffer, severe 
activity loss was observed as well, whereas, the activity loss observed in pure 
organic solvent might be related to poor solubility of the lipase in the medium 
rather than denaturation. 
1.4 Conclusions 
Griebenow et al32 have already demonstrated and discussed that the proteins are 
more denatured in aqueous-organic mixtures than in the corresponding pure 
organic solvents. This phenomenon can be understood if two effects, 
simultaneously at play, are considered. On the one hand, as the organic solvent 
content in the medium is raised, the tendency of a protein to denature increases. 
On the other hand, as the water content in the medium declines, the protein 
conformational mobility, and hence its ability to acquire the conformation 
endowed of catalytic activity diminishes.33 Consequently, although in pure organic 
solvents the propensity of a protein to denature is undoubtedly greater, its capacity 
to actually undergo such denaturation is severely impaired. This explains why 
enzymes can be more catalytically active in pure organic solvents than in aqueous-
organic mixtures, i.e., why addition of the natural solvent water is detrimental 
rather than beneficial.32 
                                                             
32 Griebenow K., Klibanov A.M., 1996, On Protein Denaturation in Aqueous-Organic Mixtures but Not 
in Pure Organic Solvents, Journal of The American Chemical Society, Vol.118, p.11695-11700 
33 Gregory  R. B., Ed. Protein-Solvent Interactions; M. Dekker: New York, 1995 
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The data collected in this study shed light on the conformational changes induced 
by incubating the proteins in water-miscible organic solvents and how they affect 
activity and stability of different lipases. 
Variations of activity in different media are not of the same extent in all lipases 
considered.  
Candida antarctica lipase B demonstrate to lose gradually its activity in water-
solvent mixtures. Such variations can be ascribed to superficial conformational 
changes in the protein considered, suggesting the promotion of unfolding 
phenomena. 
Pseudomonas cepacia lipase and Rhizopus oryzae lipase demonstrated to be more 
stable in 1-propanol than in buffer, and they retain activity in water-solvent 
mixtures. The data here reported demonstrate that CalB once more, displays a 
different behaviour as compared to the other lipases considered. 
1.5 Materials and Methods  
Enzymes 
CalB employed during this study was Lipozyme CalB L provided by Novozyme. The 
commercial preparation is constituted by CalB (11mg/ml) diluted in a solution of 
glycerol, sorbitol and salts to stabilize the protein. The pH value of the enzymatic 
solution is about 4,2.8 
Pseudomonas cepacia lipase and Rhizopus oryzae lipase were Lipase “AMANO” SD 
and Lipase “AMANO” DF 15, respectively, purchased from AMANO Enzymes. Both 
the preparations are yellowish lyophilized powder containing culture broth 
constituents and about 1 % of native lipase diluted with dextrins.9, 10 
Dialysis of Lipases 
For the stability study Lipases from Candida antarctica, Pseudomonas cepacia and 
Rhizopus oryzae were previously purified from salts and stabilizers contained in the 
native enzyme preparations. 
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The cut-off of dialysis membrane was 14 KDa. The membrane was soaked into 
deionized water to open it.  
The native enzyme preparation was diluted/dissolved in K-phosphate buffer 0.01 M 
pH 7.0 and poured into the membrane. The tubing was closed with clips after air 
bubbles removal. 
The dialysis was carried out at 2-8°Cfor 24 hours against K-phosphate buffer 0.01 M 
pH 7.0. For the first 8 h the buffer was replaced with new one every hour then the 
membrane was left overnight at 2-8°C in the same buffer. 
After 24 hours a 20 % solution of PEG 20000 in K-phosphate buffer (0.01 M pH 7.0) 
was prepared (solution PEG 20000/solution of protein ratio 1/5 v/v) and the 
membrane dipped into for further 12 hours at 2-8°C in order to remove the excess 
of dialysis buffer. 
After that dialyzed protein was recovered and stored at 2-8°C in K-phosphate 
buffer 0.01 M pH 7.0. 
Protein Content determination 
Dialyzed lipases concentrations were determined colorimetrically at 595 nm 
according to Bradford assay. Protein content was determined on the basis of a 
calibration curve previously prepared using protein standard BSA (1mg/ml). 
According to Bradford assay the protein content after dialysis was about 8.38 
mg/ml, 1.5 mg/ml and 3.1 mg/ml for CalB, PcL and RoL, respectively. 
Bradford reagent and BSA protein standard solution were purchased from sigma 
Aldrich. 
Determination of initial and residual hydrolytic activity (TBU/ml) 
The study was carried investigating the activity of dialyzed lipases before and after 
incubation in K-phosphate buffer/1-propanol mixtures at 27°C. 
The activity of the lipases was assayed before incubation and considered as 100%. 
Then, in a 20 ml vial, 50 µl of dialyzed protein were diluted with 4950 µl of solvent. 
The enzyme was then incubated in an orbital shaker at 27°C, 250 rpm for different 
times. 
Stability of native lipases in water-miscible organic solvents 
 
51 
The activity of enzymatic preparations was assayed by following the tributyrin 
hydrolysis and by titrating, with 0.1M sodium hydroxide, the butyric acid that is 
released during the hydrolysis. An emulsion composed by 1.5 mL tributyrin, 5.1 mL 
gum arabic emulsifier (0.6% w/v) and 23.4 mL water was prepared in order to 
obtain a final molarity of tributyrin of 0.17 M. Successively 1.5 mL of K-phosphate 
buffer (0.1M, pH 7.0) were added to 30 mL of tributyrin emulsion and the mixture 
was incubated in a thermostatted vessel at 30°C, equipped with a mechanical 
stirrer. After pH stabilization, about 0.5 ml protein solution stored in thermoshaker 
were added. The consumption of 0.1 M sodium hydroxide was monitored for 15–
20 min. One unit of activity was defined as the amount of immobilized enzyme 
required to produce 1 µmol of butyric acid per min at 30°C. 
The residual activity was determined as percentage of the initial activity expressed 
after incubation. 
Circular Dichroism (CD) Spectroscopy 
Circular dichroism system was a Spectrometer Jasco-710. 
The experiments were carried out with dialyzed lipases incubated at 27°C in 
different buffer/1-propanol mixtures: 
100% K-phosphate buffer 0.01M pH 7 
75% buffer/ 25% 1-propanol 
50% buffer/ 50% 1-propanol 
25% buffer/ 75% 1-propanol  
100% 1-propanol 
The buffer employed was a Kpi buffer 0.01M pH 7.0, the same buffer employed for 
protein dialysis and storage. 
Generally the protein concentration employed for circular dichroism (CD) 
experiments is around 5-1 µM.13 However, better results were obtained when the 
proteins were diluted with buffer reducing the concentration to 0.69µM. 
Before each experiment all the protein solutions were filtered13 under reduced 
pressure by 0.45 µm filter purchased from Millipore.  
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Circular dichroism Measurement-Parameters setting: 
wavelength start 300nm 
 End 190nm 
band width 1.0 nm 
data Pitch 0.2 nm 
scanning mode continuous 
scanning speed 50 nm 
response 0.5sec 
n° accumulations 10 
cell path length 0.2 cm 
The experiments were performed at 25 °C by using a quartz cell with optical path 
0.2 cm. 
In all tests as a blank sample a spectrum of the solvent employed for protein 
incubation was recorded and subtracted to the matching protein spectrum. 
Times were chosen on the basis of experimental data. 
Intrinsic Trp Fluorescence Spectroscopy 
For Intrinsic Trp fluorescence spectroscopy data a Fluorescence Spectrophotometer 
F-4500 Hitachi were employed. 
All the experiments were carried out with dialyzed lipases incubated at 27°C in 
different buffer/1-propanol mixtures: 
100% K-phosphate buffer 0.01M pH 7 
75% buffer/ 25% 1-propanol 
50% buffer/ 50% 1-propanol 
25% buffer/ 75% 1-propanol  
100% 1-propanol 
The buffer employed was a Kpi buffer 0.01M pH 7.0, the same buffer employed for 
protein dialysis and storage. 
For each sample a scan of the emission intensity was performed in a set of 
excitation wavelength ranging between 250 and 300 nm. As reported in literature16 
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at 280 nm the maximum absorption was registered. However the emission 
observed encompasses Tryptophan (Trp), Phenylalanine and Tyrosine (Tyr) residues 
excitation. Another peak of emission, even lower than the previous one, was 
observed at 295nm and corresponds only to tryptophan residues excitation.16 
Parameters employed for fluorescence experiments are listed below. 
Parameters of analysis: 
Data Mode Fluorescence 
Scan mode emission 
Scan speed 15nm/min 
Emission start 300nm 
Emission stop 400nm 
Excitation wavelength 295nm 
After preliminary experiments concentrations for dialyzed CALB was 1.25 µM 
whereas for PcL and RoL was 2.0 µM. 
Each sample was analyzed at room temperature (25°C) in a quartz cell with optical 
path 1.0 cm 
In all tests as a blank sample a spectrum of the buffer employed for protein 
incubation was recorded. 
Enzyme Structures 
Crystal lipases structures were taken from PDB (Protein 
DataBank).25 
Molecular Dynamics Simulation 
Molecular dynamics simulations were performed using the software GROMACS34, 
version 3 compiled on a virtual ROKCS linux cluster with 4 nodes, with the 
GROMOS-96 53a6 force field.23 Lipases structures from PDB were implemented in 
the force field in gro file format by using the tool pdb2gmx of the GROMACS 
                                                             
34 Berendsen H. J. C., van der Spoel D., van Drunen R., 1995, GROMACS: A message-passing parallel 
molecular dynamics implementation. Computer Physics Communication, Vol. 91, p.43-56 
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software package, which also adds the necessary hydrogens. The proteins were 
solvated with explicit SPC water in a virtual box of 343 nm3. All the dynamics were 
performed in an NPT environment simulating the temperature of 300 K and 
keeping the pressure constant (Berendsen thermostat and pressure),34 cut-off for 
electrostatic interaction was set to 1.4 nm and the limit for the van der Waals 
interactions set to 1.4 nm. For the minimization procedures the PME (Particle Mesh 
Ewald)35 algorithm was used for the calculation of the electrostatic interactions 
setting the limit at 1.0 nm. Each lipase system was previously minimized with 1000 
step of steep descendent algorithm before every molecular dynamics calculation. 
Molecular dynamics analysis were performed with GROMACS tools; distances 
measurements were calculated using g_mindist and computing the distance 
between two Ca residues; the results were visualized using Grace software.  
RMSF calculations were computed by using g_rmsf tool. 
Quantitative measurements of the surface hydrophobicity and the solvent 
accessible areas were computed by the DSSP software.36 
                                                             
35 U. Essmann, L. Perera, M. L. Berkowitz, T. Darden, H. Lee, L. G. Pedersen, 1995, A smooth particle 
mesh Ewald method,  The journal of Chemical Physics, , Vol. 103, p.8577–8593 
36 W. Kabsch, C. Sander, Biopolymers 1983, 22, 2577–2637 
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2. Stability of immobilized lipase for 
catalyzed transesterification of coffee 
waste oil 
2.1  Summary 
Enzyme-catalyzed transesterification of non-food oil was investigated by using 
lipase from Candida antartica B (CalB). The CalB was immobilized on supports with 
different characteristics, namely hydrophobic and hydrophilic. The optimal 
immobilized CalB was selected on the basis of its performance in transesterification 
reaction. The highest activities were obtained by immobilized CalB on hydrophobic 
supports. The stability of the biocatalysts giving the best performance was then 
studied and applied in the transesterification of waste oil. The transesterification 
was performed and results were compared using different molar ratios of 
methanol and triglycerides. 
Finally, lipase from Pseudomonas cepacia was also immobilized on the same 
polymeric support used for CalB and the performances of the two lipases were 
compared. 
2.2 Introduction 
Next generation biofuels is about utilization of non-food based feedstock and more 
sustainable process technology. The biodiesel industrial production worldwide is 
predominantly by chemical transesterification from food based feedstock. This is 
because with chemical transesterification the highest yield could be achieved in 
relative short reaction time. However, current major cost on biodiesel production is 
from the feedstock.37 Therefore, non-food feedstock, for instance waste oil and 
non-edible oil, can help decrease the production cost. On the other hand, the 
                                                             
37 Medina A.R., González-Moreno P.A., Esteban-Cerdán L., Molina-Grima E., 2009, Biocatalysis: 
Towards ever greener biodiesel production, Biotechnology Advances, Vol.27, p.398–408 
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impurities and free fatty acid contained in non-food feedstock represent problems 
for chemical transesterification due the necessity of more than one step processes 
in the productive cycle. On this regard, lipase-catalyzed transesterification of non-
food feedstock is becoming more attractive for biodiesel industry. Not only 
because it is sustainable and environmental friendly, but also because the free fatty 
acid will not affect the enzyme activity in general. In order to make the enzymatic 
process more economical and feasible, it is necessary to reduce the cost of enzyme 
(lipase) by recycling it. Immobilization of lipase would enable the recycling of this 
enzyme. In this current work, we have studied the immobilization of lipase from 
Candida antartica lipase B (CalB) and Lipase from Pseudomonas cepacia (PcL).37 The 
selected immobilized preparations of were studied for their activity and stability 
towards methanol and finally they were applied in the transesterification of waste 
oil. 
2.3 Potential feedstock for Biodiesel Production in Next 
Generation Biofuel  
The exploitation of non-food feedstock for biodiesel production is becoming 
important issue nowadays. This is not only due to economical concern, where the 
cutback of production cost from biodiesel feedstock is necessary, but also because 
of claimed on competition between feedstock for food and fuel. Review on several 
potential non-food feedstock have been collected by Mittelbach et al in his book 
(Table 2.1).38 
 
 
 
 
                                                             
38 Mittelbach M., Remschmidt C., 2004, Biodiesel The comprehensive handbook, 1 st eds, Boersedruk 
Ges. m.b.H., Vienna 
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Table 2.1 Lipid content of Microalgae, Jatropha curcas and Coffee oil based on literature 39,40, 41,42 
 Fatty Acid Composition (%) 
  Jatropha curcas  Microalgae Coffee 
C 14 0.38 - 2.2 
C16 14-16 12-21 20-32 
C16:1 1-3.5 55-57 0.9 
C18 4-10 1-2 8-9 
C18:1 34-46 58-60 8-12 
C18:2 29-44 4-20 26-46 
C18:3 >0.80 14-30 2 
C20 0.2 - - 
C 20:1 0.12 - - 
Waste Coffee oil 
Recent attention started given to waste coffee oil as feedstock when Kondamundi 
et al. have successfully produced biodiesel from spent coffee ground oil.43 They 
claimed the extracted oil was 15% with biodiesel conversion of 100% by chemical 
transesterification.43 The coffee grounds are mainly composed of proteins, 
carbohydrates, and lipids. About 20-25% of the dry weight of the water-extracted 
grounds is recoverable as oil.44 A small amount of FFA, monoglycerides (MG), and 
diglycerides (DG) was also observed in the oil.43 Prior to extraction of the oil, the 
coffee particle need to be dried to reduce the moisture content.43,44 The oil 
                                                             
39 Uma B.H., Kim Y.S., 2009, Review: A chance for Korea to advance algal-biodiesel technology, Journal 
of Industrial and Engineering Chemistry, Vol.15, p.1–7 
40 Chisti Y., 2007, Biodiesel from Microalgae, Biotechnology Advances, Vol.25, p.294–306 
41 Shah S., Sharma S., Gupta M.N., 2004, Biodiesel Preparation by Lipase-Catalyzed Transesterification 
of Jatropha Oil, Energy and Fuels, Vol.18, p.154-159 
42 Oliveira L.S., Franca A.S., Camargos R.R.S., Ferraz V.P., 2008, Coffee oil as a potential feedstock for 
biodiesel production, Bioresource Technology, Vol.99, p.3244-3250 
43 Kondamundi N., Mohapatra S. K., Misra M., 2008, Spent Coffee Grounds as a Versatile Source of 
Green Energy, Journal of Agricultural and Food Chemistry, Vol.56, p.11757–11760 
44 Khan N. A., Brown J. B., 1953, The Composition of Coffee Oil and Its Component Fatty Acids, Journal 
of the American Oil Chemists’ Society, Vol.30, p.606-609 
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extraction possibly done by solvent extraction, such as trichloroethylene,44 n-
hexane, ether, and dichloromethane.44, 45 
Before the issue on exploitation of the oil, various researches on utilization of 
coffee waste have been carried out, for instance for vermicomposting from coffee 
grounds,46 biosorbent from the dry coffee husk,47 activated carbon prepared from 
waste coffee grounds,48 and recent research on producing adsorbent from 
defective coffee press cake, a residue from coffee oil biodiesel production.45 
However, as in Jatropha curcas oil, the free fatty acid (FFA) content need to be 
pretreated prior to chemical transesterification such as by converting FFA into soap 
by mixing a basic solution with the extracted oil.43  
2.4  Results and discussion 
One of major obstacle of lipase catalyzed transesterification to be more economical 
and feasible at industrial scale is the cost of the enzyme. The latter can be reduced 
by recycling the lipase used in the process. Consequently, it is important to select 
immobilized lipases which not only give high activity but at the same time also 
allow for repeated use thanks to stability. 
                                                             
45 Nunes A.A., Franca A.S., Oliveira L.S., 2009, Activated carbons from waste biomass: An alternative 
use for biodiesel production solid residues, Bioresource Technology, Vol.100 p.1786–1792 
46 Adi A.J., Noor Z.M., 2009, Waste recycling: Utilization of coffee grounds and kitchen waste in 
vermicomposting, Bioresource Technology, Vol. 100, p.1027–1030 
47 Oliveira W.E., Franca A.S., Oliveira L.S., Rocha S.D., 2008, Untreated coffee husks as biosorbents for 
the removal of heavy metals from aqueous solutions, Journal of Hazardous Materials, Vol. 152, 
p.1073–1081 
48 Rufford T.E., Jurcakova D. H., Fiset E., Zhu Z., Lu G. Q., 2009, Double-layer capacitance of waste 
coffee ground activated carbons in an organic electrolyte, Electrochemistry Communications, Vol.11, 
p.974–977 
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2.5 Influence of the matrix on lipase activity 
Lipases are one of the classes of enzymes most largely employed in industry also 
because of their potential to function in non-aqueous environments.49 
For this reason, the application of lipases has been focused also on the synthesis of 
biodiesel through the transesterification of fats and oils.50 
However, to the best of our knowledge, there is still a lack of immobilized lipases 
commercially available suitable for biofuels production. 
The present work aimed at developing a suitable immobilized lipase starting from 
the selection of an appropriate immobilization support. 
The choice of the immobilization support must start considering the reaction 
system.51 Essential features of carriers to be used for biodiesel are: large surface 
area, high porosity for optimal substrate/product diffusion and high mechanical 
stability. Also the hydrophobicity/hydrophilicity balance of the carrier has to be 
taken into account.52 
It is largely recognized that the activity of immobilized lipases depend strongly on 
the properties of the immobilization support and on the immobilization techniques. 
This is because lipases act on highly hydrophobic substrates and partition/diffusion 
phenomena are predominant in determining reaction rates.  
On that basis, Lipase B from Candida antarctica was immobilized on different 
supports:  
a) Celite®R640 highly hydrophilic silica porous support, made by calcinated 
diatomaceus hearth;  
                                                             
49 Schmid R.D., Verger R., 1998, Lipases: Interfacial enzyme with attractive application, Angewandte 
Chemie, International Edition, Vol.37, p.1608-1633 
50 Mittlebach M., 1990, Lipase-catalyzed alcoholysis of sunflower oil, Journal of American Chemist’s 
Society, Vol.67, p.168-170 
51 Hanefeld U., Gardossi L., Magner E., 2009, Understanding Enzyme Immobilization, Chemical Society 
Reviews, Vol.38, p.453-468 
52
 He J., Xu Y., Zhang Q., Evans D.G., Duan X., 2006, Effect of surface hydrophobicity/hydrophilicity of 
mesoporous supports on the activity of immobilized lipase, Journal of Colloid and Interface Science, 
Vol.298, p.780-786 
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b) Methacrylic support of medium hydrophobicity (Polymer 1) functionalized with 
epoxy groups for covalent immobilization;  
c) Highly hydrophobic styrenic support (Polymer 2) used for enzyme adsorption  
The immobilized preparations and their characterization in terms of hydrolytic and 
synthetic activity are reported in Table 2.2. 
The immobilized preparations were characterized in terms of hydrolytic (Tributyrin 
hydrolysis) and synthetic activity (Esterification of lauric acid with 1-propanol). 
Details of the assays and the immobilization procedure can be found in the 
Materials and Methods section. 
Table 2.2 Immobilized preparation of CalB on different supports and characterization of the 
biocatalysts. The loading is expressed in terms of enzymatic Units of native enzymes (activity in 
tributyrin hydrolysis). 
Immobilization 
support 
Water 
Content 
(%) 
Synthetic 
activity 
(PLU/gdry) 
Hydrolytic 
activity 
(TBU/gdry) 
Protein Loading 
(TBU/gwet) 
Celite®R640  
(Highly hydrophilic ) 
15 900-2000 275 15000 
CalB 1  
(on Polymer 1) 
6 1500 1900 40000 
CalB 2 
(on Polymer 2) 
2 3450 1000 40000 
The lower loading on Celite®R640 is due to the different protocol of immobilization 
employed, which requires to keep the volume of aqueous enzymatic solution 
below the maximum adsorption capacity of the porous support.53 
The fluctuation of synthetic activity measured with the lipase immobilized on 
Celite®R640 was due to the fact that during the process the support undergoes 
mechanical damage, so that fines and fragments are formed making kinetic study 
of difficult reproducibility. 
It is quite interesting to note that there is no correlation between the hydrolytic 
and synthetic activity observed for the different preparations, and the highly 
hydrophobic support results the most efficient for the synthetic process whereas 
                                                             
53 Basso A., De Martin L., Ebert C., Gardossi L., Linda P., 2000, Controlling the hydration of covalently 
immobilized penicillin G amidase in low water medium: properties and use of Celite-R640, Journal of 
Molecular Catalysis B: Enzymatic, Vol.8, p.245-253 
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the methacrylic leads to the best performance in the hydrolysis of tributyrin. These 
data suggest that the solvation of the support, the diffusion and partition of 
substrates have a major impact on the observed activity. Indeed, the tributyrin 
substrate used for hydrolytic assay is much larger and hydrophobic than the lauric 
acid used in synthetic assays, and this would explain the poor hydrolytic activity 
observed for the lipase on Celite®R640. This concept is supported by the extremely 
low transesterification activity observed for the same preparation applied on 
triolein (Figure 2.1). Furthermore, it must be noted that the formulation of the 
native CalB contains glycerol and other polar stabilizers (see Materials and 
Methods), which might be adsorbed on the hydrophilic Celite®R640, causing some 
occlusion of the pores. On the contrary, highly hydrophobic supports provide a 
simple and rapid method for partially purifying the lipase during the immobilization 
process. As a matter of fact, only lipases, which are partially hydrophobic on their 
surface, adsorb promptly on the resins leaving the polar additives in the aqueous 
immobilization media. 
CalB immobilized on highly hydrophobic styrenic support (Polymer 2), gives the 
highest observed activities in hydrophobic non-aqueous media, both for 
esterification and in transesterification reactions, suggesting favourable solvation 
and partition of the hydrophobic media/substrates as reported in Figure 2.1 of the 
next paragraph. 
2.6 Selection of Immobilized Lipase for Transesterification 
Reaction  
It has been acknowledged that lipase demonstrated serious inactivation in the 
presence of methanol in transesterification of oils. Enzymatic denaturation takes 
place because short chain alcohols can interfere with the H-bonds of the protein 
thus promoting unfolding.54  
                                                             
54 Antczak M.S., Kubiak A., Antczak T., Bielecki S., 2009, Enzymatic biodiesel synthesis-Key factors 
affecting efficiency of the process, Renewable Energy, Vol.34, p.1185-1194 
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For these reasons a first analysis of the performance of the immobilized Lipases 
was performed by using a methanol triolein molar ratio 1:1 (Figure 2.1), thus trying 
to avoid denaturation phenomena during the monitoring of the reactions. Indeed, 
a clear picture of the differences of the three preparations was already gained in 
the preliminary study aimed at evaluating the transesterification conversion at 30h. 
The reaction reached almost 30% of conversion with the two hydrophobic 
supports, whereas the product yield was less than 5% when the transesterification 
was catalyzed by CalB on Celite®R640.  
 
Figure 2.1 Transesterification Triolein:Methanol 1:1 molar ratio: Methyl oleate yield reached after 
about 30 hours by using CalB immobilized on different supports (maximum theoretical yield=33%).  
These results confirm that the hydrophilic support is not suitable for reactions 
involving highly hydrophobic substrates. Most probably, methanol present in the 
reaction system is adsorbed on the porous hydrophilic support favouring enzyme 
denaturation. By increasing the hydrophobicity of the polymeric support the MeOH 
absorption is reduced thus preserving the activity of the enzyme. 
According to the results achieved after transesterification reaction 
(Triolein:Methanol 1:1), the immobilization supports chosen to proceed the study 
were Polymer 1 and Polymer 2. 
The methanolysis of triolein was also performed by employing higher 
concentrations of alcohol (Figure 2.2). 
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Figure 2.2 Reaction yields obtained by employing CalB 1 and CalB 2 for transesterification of triolein 
with MeOH 1:1, 1:2 and 1:3 molar ratios, respectively. In the figure, each reaction yield was 
calculated as percentage of maximum yield achievable 
In Figure 2.2 the maximum theoretical yield achievable was 33%, 66% and 100% for 
Triolein:MeOH molar ratios 1:1, 1:2 and 1:3, respectively. 
To highlight the differences of stability of the two preparations to different 
concentrations of methanol, all the reaction yields obtained were calculated as 
percentage of maximum yield achievable in the reaction considered. 
By increasing the methanol in the system CalB 2 (immobilized on Polymer 2) 
demonstrated to be more resistant than CalB 1 (covalently immobilized on Polymer 
1) probably due to the higher hydrophobicity of the styrenic support (Polymer 2).  
2.7 Recyclability of CalB immobilized on styrenic support  
Once selected the most suitable immobilized preparation of CalB, the study was 
focused on the determination of the recyclability of the biocatalyst. 
The study was performed using a methanol to oil molar ratio of 1:1, and by 
stopping the reaction after 4 hours in each cycle and measuring the conversion in 
terms of formation of methyl-oleate. Then the biocatalyst was recovered and 
reused without further treatment/rinsing by simply introducing fresh triolein and 
methanol. It must be noted that for each cycle, after introducing fresh triolein, the 
residual methyl oleate content deriving from the previous cycle was determined 
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prior to the addition of methanol and the starting of the methanolysis. The results 
are reported in Figure 2.3. 
The results indicate that CalB on styrene is stable even after 10 cycles, even 
without any rinsing treatment. Moreover, the biocatalyst has shown its stability 
even after 22 days of exposure to the reaction conditions. Therefore, no 
appreciable inhibition due to glycerol or the product was detected. Importantly, no 
aggregation of the particle was observed. The behaviour of the preparation 
indicate that the styrenic based resin prevent the undesirable hydrophilic 
interactions (glycerol and methanol adsorption, protein aggregation, particle 
aggregation) which are likely to occur in the medium consisting of the hydrophobic 
oils. 
 
Figure 2.3 Recyclability of CalB 2: transesterification Triolein:Methanol 1:1 molar ratio expressed as 
the percentage of formation of methyl oleate after 4 hours 
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2.8 Transesterification of Triolein: comparison between 
lipases CalB and PcL 
The styrenic support employed for the immobilization of CalB cepacia lipase. 
The immobilized preparation was characterized in terms of hydrolytic (Tributyrin 
hydrolysis) and synthetic activity (Transesterification of phenyl ethanol with vinyl 
acetate). Details of the assays and the immobilization procedure can be found in 
the Materials and Methods section 
Table 2.3 Immobilized preparation of CalB and characterization of the biocatalysts. The loading is 
expressed in terms of enzymatic Units of native enzymes (activity in tributyrin hydrolysis). 
Kind of support Water 
Content (%) 
Synthetic 
activity 
(PEAU/gdry) 
Hydrolytic 
activity 
(TBU/gdry) 
Protein Loading 
(TBU/gwet) 
PcL 1 (Styrenic 
polymer 2) 
2 159 2000 40000 
Lipase from Pseudomonas cepacia (PcL) has been successfully proven to be among 
the most versatile biocatalysts owing to its high thermal stability and good 
methanol tolerance.55 
In the present study the two immobilized lipases CalB 2 and PcL 1 were compared 
under the same reaction conditions. (Figure 2.5). The reaction was performed by 
using the same units of enzyme (200 TBU), calculated in terms of Tributyrin Units 
expressed by the two immobilized preparations. Indeed, when the aim is to 
compare the behaviour of the immobilized preparations of two different lipases, it 
is quite difficult to identify a non-arbitrary criterion for determining the amount of 
biocatalyst to be used in the reactions, since the lipases differ for several aspects. 
Not only they have different substrate specificity towards tributyrin and triolein but 
they are also immobilized starting from protein formulations differing for the 
protein content and presence of additives (see Materials and Methods section). 
                                                             
55 Chen Z.G., Tan R.X., Huang M., 2010, Efficient regioselective acylation of andrographolide catalyzed 
by immobilized Burkholderia cepacia lipase, Process Biochemistry, Vol.45, p.451-418 
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Figure 2.4 Transesterification Triolein.MeOH 1:1 molar ratio. Comparison of reaction initial rate 
catalyzed by CalB 2 and PcL 1, respectively, immobilized on the same highly hydrophobic styrenic 
support 
It is interesting to note that the methanolysis of Triolein (1:1 molar ratio) is faster 
when catalyzed by PcL as compared to CalB (Figure 2.4). 
However, the immobilized PcL is severely affected by the increase of methanol 
concentrations. By increasing the Triolein:MeOH molar ratio to 1:2 the reaction 
kinetic is almost three times slower and no formation of methyl ester was observed 
when the triolein:MeOH molar ratio was 1:3 (Figure 2.5). 
 
Figure 2.5 Effect of methanol concentration on transesterification of triolein catalyzed by PcL  
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2.9 Recyclability of immobilized PcL in Triolein 
transesterification  
The recyclability of the immobilized PcL was studied at methanol/oil molar ratio of 
1:1. In each cycle the reaction was stopped after 1 hour. The biocatalyst was 
recovered and reused without further rinsing or treatment, just by adding fresh 
triolein. The residual methyl oleate (coming from the previous cycle) was 
determined prior to the addition of methanol and the starting of the reaction. The 
results are reported in Figure 2.6. 
 
Figure 2.6 Recyclability of PcL 1: transesterification Triolein:Methanol 1:1 molar ratio 
As can be seen in Figure 2.6 the enzymatic preparation apparently loses most of its 
activity after one single cycle. Trying to explain this behaviour, the preparation was 
firstly incubated (25°C for 30 min and 90 min) in triolein for evaluating any 
detrimental effect due to the triglyceride substrate. Then the substrate was 
removed and the activity of immobilized protein in the transesterification 
(Triolein:MeOH 1:1 molar ratio) was assayed (Figure 2.7). 
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Figure 2.7 PcL 1: Initial activity and activity loss after 30 and 90 min of incubation in pure triolein at 
25°C 
The severe inactivation of PcL when exposed simply to triolein is difficult to be 
explained, especially if considered that the support of immobilization 
demonstrated to be suitable in the case of immobilization of CalB. 
One major difference between the two enzymes stays in the protein preparations 
used for the immobilization. Native Pseudomonas cepacia lipase preparation is a 
yellowish lyophilized powder containing culture broth constituents and only about 
1% of native lipase diluted with dextrins.9  
The effects of such large amount of additives is difficult to be evaluated, neither 
the extent of their adsorption on the support can be easily measured. Further 
studies would be necessary in order to analyze the performance of immobilized PcL 
prepared starting from purified protein preparations. 
Lipase catalyzed transesterification of waste oil for biodiesel production. 
In collaboration with Aromalab (Illy Caffè research group, Trieste-Italy) it has been 
possible extract the oil from different spent coffee ground: espresso spent ground 
oil, moka spent ground oil and decaffeinated spent ground oil. 
All these oils were characterized by GC-MS and compared to data reported in 
literature (Table 2.4). 
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Table 2.4 Fatty acid composition (%) of coffee waste oils: The data are obtained by GC-MS analysis 
and compared to data reported in literature 
Fatty Acid Kondamund
i et al43 
Espresso 
spent ground 
oil 
Moka spent 
ground oil 
Decaffeinated moka spent 
ground oil 
C 14 n.d 0.09 0.09 0.04 
C 16 51.4  56.34 52.96 37.56 
C 18 8.3  17.45 18.55 11.59 
C 18:1 n.d. 8.70 8.83 7.83 
C18:2 40.3 8.24 5.17 36.50 
C 18:3 n.d n.d. 0.43 1.09 
C 20 n.d 7.09 10.20 4.46 
C 22 n.d. 2.08 3.77 0.92 
Transesterification of waste coffee oil was conducted by adding methanol to oil 
with a molar ratio of 3:1 step-wise according to a procedure described by 
Watanabe, et al.56 
The reaction was carried out in a screw capped vial containing about 1% w/w of 
enzyme on coffee waste oil weight. To compare the performances of the two 
immobilized preparations described in the previous paragraphs the same Units 
(calculated in terms of Tributyrin Units expressed by the two immobilized 
preparations) were used for the transesterification reactions (200 TBU). 
The biocatalyst was added to the oil and kept under agitation for at least 15 min 
before methanol addition. The reaction was carried out at 30°C under orbital 
shaking at 250 rpm. 
Methanolysis of coffee waste oil catalyzed by immobilized CalB 
Methanol additions were performed at t 0/7/24 hours of reaction. After the three 
additions of methanol and 48 hours of reaction, conversion of about 88% of 
triglycerides to methyl esters was observed. Due to the complexity of the oil 
                                                             
56 Watanabe Y., Shimada Y., Sugihara A., Tominaga Y., 2002, Conversion of degummed soybean oil to 
biodiesel fuel with immobilized Candida antartica lipase, Journal of Molecular Catalysis B: Enzymatic, 
Vol.17, p.151–155. 
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mixture, an evaluation of the trend of the methanolysis was obtained by 1H-NMR 
spectra as reported in Figure 2.8 and Figure 2.9. 
The conversion was evaluated considering the area of the protons at 2.5 ppm 
(signal related to two protons in α-position to carbonyl group of fatty acid) and the 
area of the protons at 3.6 ppm (signal related to the three protons of methyl 
esters). 
 
Figure 2.8 1HNMR spectra of espresso spent ground oil. Green cycle highlights the triglycerides 
signal 
 
Figure 2.9 1H-NMR spectra of espresso spent ground oil after 48 hour of transesterification 
oil:MeOH 1:3. Green cycle highlights the reduced intensity of triglyceride peaks. Methyl esters and 
MeOH signals are indicated by the arrows 
Methyl esters 
Methanol 
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Methanolysis of Coffee waste oil catalyzed by immobilized PcL 
Methanol addition was performed at t 0/100/200 min, since the preliminary kinetic 
results (Figure 2.4) indicated a higher activity of the immobilized PcL.  
The reaction yield was monitored after 24 hours by 1H-NMR (Figure 2.10 and Figure 
2.11) and the conversion of about 87% evaluated considering the area of the 
protons at 2.5 ppm (signal related to two protons in α-position to carbonyl group of 
fatty acid) and the area of the protons at 3.6 ppm (signal related to the three 
protons of methyl esters). 
 
Figure 2.10 1HNMR spectra of decaffeinated spent ground oil. Green cycle highlights the 
triglycerides signal 
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Figure 2.11 
1
H-NMR spectra of decaffeinated spent ground oil after 24 hour of transesterification 
oil:MeOH 1:3. Green cycle highlights the reduced intensity of triglycerides peaks. Methyl esters and 
MeOH signals are indicated by the arrows 
PcL demonstrated to be active in the methanolysis of coffee waste oil and, as 
already observed by the profiles of triolein methanolysis, the reaction kinetic is 
faster than that catalyzed by CalB.  
The reaction went to nearly completion in 24 hours of reaction it is reasonable 
suppose that PcL did not undergo inactivation by substrates or products during the 
course of the reaction. Unfortunately, no data were collected in terms of 
recyclability of immobilized PcL under these different reaction conditions. 
Therefore, future studies will be focused on the analysis of stability and 
recyclability of immobilized PcL applied to the transesterification of coffe oil. The 
inhibitory effect of triolein or its oxidized side-products will be also considered. 57 
                                                             
57 Pirozzi D., 2003, Improvement of lipase stability in the presence of commercial triglycerides, 
European Journal of Lipid Science and Technology, Vol.105, p.608-613 
Methyl esters 
Methanol 
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2.10 Conclusions 
The study of the transesterification of triolein catalyzed by different preparations of 
immobilized lipase from Candida antartica Lipase B showed that lipase immobilized 
on hydrophobic supports are more suitable for transesterification process because 
of favourable mass transfer phenomena and efficient diffusion. A preparation of 
CalB immobilized on styrenic support showed to retain its activity after 10th cycles 
of methanolysis carried out in the presence of methanol / oil ratio of 1:3. The 
application of the immobilized CalB in the transesterification of waste oil was 
successfully performed by achieving biodiesel yield of 99% when stepwise additions 
of methanol to oil MeOH 1:3 were used.  
PcL immobilized on the same hydrophobic support led to faster reaction rate but 
resulted to loose completely its activity upon one single cycle of reaction. 
Immobilized PcL demonstrated to be more active than CalB even in the 
methanolysis of coffee waste oil. Interestingly, no inhibitory effect was observed 
during the course of the reaction. Therefore, some further studies are needed to 
clarify the possible effect of triolein or its impurities on PcL. 
2.11 Materials and Methods 
Chemicals 
Triolein, Methyl oleate , Methanol, Celite® R-640 and other chemical reagents were 
purchased from Sigma Aldrich. 
Experimental methacrylic polymer functionalized with epoxy groups for covalent 
immobilization and experimental hydrophobic styrenic polymers for adsorption 
(particle size 300-500 μm) were kindly donated by SPRIN S.p.A. (Trieste Italy).  
Native enzymes 
CalB employed during this study was Lipozyme CalB L provided by Novozyme. The 
commercial preparation is constituted by CalB (11 mg/ml) diluted in a solution of 
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glycerol, sorbitol and salts to stabilize the protein. The pH value of the enzymatic 
solution is about 4.28 
PcL employed during this study was Lipase PS “AMANO” SD provided by AMANO 
Enzymes. The commercial preparation is a yellowish lyophilized powder constituted 
by PcL (about 1%) diluted with dextrins.9 
Immobilization of CalB on Celite®R640 
The immobilization was done according the procedure already reported.53 The 
lipozyme solution was adjusted to pH 8 prior to immobilization. 2.5 ml of enzymatic 
solution, 1 g of dry Celite®R640 and 12 ml of dry toluene were mixed and kept at 
25°C for one day. 
Immobilization of CalB on metacrylic support (Polymer 1) 
For 1 g of wet polymer, 40000 Tributyrin Units of CalB were covalently immobilized. 
Lipozyme solution was diluted in water(support/solvent ratio ¼ w/v) adjusting the 
pH to 8.5 with NaOH 1 M. The enzymatic solution was then added to the polymer. 
The immobilization was carried out for 24 h at 25°C. Then the supernatant was 
removed by filtration. The immobilized biocatalyst was washed three times with 
phosphate buffer 0.02M pH 8.5 (support/solvent ratio ¼ w/v) and dried with 
acetone on a buchner filter under reduced pressure for two times (support/solvent 
ratio 50% w/v). The residual water content was then evaluated by weight variation 
upon drying into an oven. 
Immobilization of CalB on styrenic support (Polymer 2) 
40000 Tributyrin Units of CalB were immobilized on 1 g of wet styrenic beads. 
Lipozyme solution was added to the styrenic beads and the immobilization was 
carried out for 24 h at 25°C. Then the supernatant was removed by filtration. The 
immobilized biocatalyst was washed one time with phosphate buffer 0.02M pH 8.5 
(support/solvent ratio 1/1 w/v) and dried with acetone on a buchner filter under 
reduced pressure for two times (support/solvent ratio ½ w/v). The residual water 
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content was then evaluated by measuring weight variation upon drying into an 
oven. 
Immobilization of PcL on styrenic support (Polymer 2) 
40000 Tributyrin Units of PcL were immobilized on 1 gwet of styrenic beads. The 
solid support was added to Lipase PS “AMANO” SD powder dissolved in water 
adjusting the pH of the solution to 8.5 with NaOH 1M. The immobilization was 
carried out for 24 h at 25°C. Then the supernatant was removed by filtration. The 
immobilized biocatalyst was washed once with phosphate buffer 0.02M pH 8.5 
(support/solvent ratio 1/1 w/v) and dried with acetone on a buchner filter under 
reduced pressure twice (support/solvent ratio ½ w/v). The residual water content 
was then evaluated by weight variation upon drying into an oven. 
Hydrolysis Activity Assay 
The activity of enzymatic preparations was assayed by following the tributyrin 
hydrolysis and by titrating, with 0.1M sodium hydroxide, the butyric acid that is 
released during the hydrolysis. An emulsion composed by 1.5 mL tributyrin, 5.1 mL 
gum arabic emulsifier (0.6% w/v) and 23.4 mL water was prepared in order to 
obtain a final molarity of tributyrin of 0.17 M. Successively 2 mL of K-phosphate 
buffer (0.1M, pH 7.0) were added to 30 mL of tributyrin emulsion and the mixture 
was incubated in a thermostatted vessel at 30°C, equipped with a mechanical 
stirrer. After pH stabilization, about 50 mg of immobilized protein were added. The 
consumption of 0.1 M sodium hydroxide was monitored for 15–20 min. One unit of 
activity was defined as the amount of immobilized enzyme required to produce 1 
µmol of butyric acid per min at 30°C. 
Immobilized CalB Synthetic Activity Assay  
The synthetic activity of CalB was determined by esterification reaction of lauric 
acid with a primary alcohol, which is a standard synthetic method developed and 
used in LACB, University of Trieste. Esterification reaction was carried out at 55oC 
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and 250 rpm. The synthetic activity was determined from reduction of lauric acid 
concentration after 0, 5 and 10 minutes by using HPLC.  
Immobilized PcL Synthetic Activity Assay  
The synthetic activity of PcL was determined by transesterification reaction of vinyl 
acetate with phenyl ethanol, which is a standard synthetic method reported by 
AMANO Enzymes company. Transesterification reaction was carried out at 25oC 
and 200 rpm. Phenyl ethyl acetate formed by the reaction was measured by Gilson 
HPLC equipped with auto injector. The column was ODS Hypersil SUPERCHROM set 
at isothermal oven temperature of 30oC. The detector was UV/VIS-155 with dual 
wavelength of 210 nm and 260 nm. The mobile phase was 40% Acetonitrile and 
0.05% of TFA and 60% H2O with flow of 1 ml/min.  
Lipase Catalyzed Transesterification of triolein 
Methanolysis of triolein was carried out in screw capped vials in orbital shaker with 
temperature control. The temperature was set at 30°C with shaking rate of 250 
rpm. Previous to addition of methanol, the immobilized lipase (200 TBU) was mixed 
with the feedstock for a few minutes. A 10 µL of samples was withdrawn after 
several hours and were analyzed with HPLC. 
Methyl oleate formed by transesterification of triolein was measured by Gilson 
HPLC equipped with auto injector. The column was ODS Hypersil SUPERCHROM set 
at isothermal oven temperature of 54oC. The detector was UV/VIS-155 with dual 
wavelength of 200 nm and 210 nm. The mobile phase was 100% Acetonitrile and 
0.05% of TFA with flow of 1 ml/min.  
Lipase Catalyzed Transesterification of coffee waste oil 
Methanolysis was carried out in screw capped vials in orbital shaker with 
temperature control. The temperature was set at 30°C with shaking rate of 250 
rpm. Previous to addition of methanol, immobilized lipase (200 TBU) was mixed 
with the feedstock for a few minutes. Methanol addition was performed stepwise 
at t 0/7 and 24 hours when the reaction was catalyzed by immobilized CalB. 
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Methanol addition was performed stepwise at t 0/100 and 200 min when the 
reaction was catalyzed by PcL. 
To monitor the reaction 10 µL of samples was withdrawn and analyzed by 1H-NMR. 
NMR employed from the study was a Varian Gemini 200 at 200MHz. 
Coffee waste oil composition 
Composition of coffee waste oils was extracted and characterized by Aromalab, Illy 
Caffè research group, Trieste, Italy.  
Characterization was performed by mean of GC MS Agilent technologies 6890 N 
and Agilent 5973 MSD as detector. The colum was a Zebron FFAP 60 mx 0,25 mm x 
0,25 μm. For the analysis the temperature raised from 170 to 235 °C by increasing 
2°C/min. Gas phase was Helium at constant flow 1,3 ml/min. 
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3. Experimental and Computational 
Analysis of Thermal Stability of Fungal 
Laccases 
3.1 Summary 
The present chapter reports a study on thermal stability and microwave effect 
(MW) on three different fungal laccases from Panus (Lentinus) tigrinus 8/18, 
Lentinus strigosus 1566 and Steccherinum ochraceum 1833. 
Results demonstrate that the laccase from Steccherinum ochraceum is 
characterized by an extraordinary stability. Spectroscopic studies by CD, 
fluorescence and UV-Vis confirm that Steccherinum ochraceum 1883 laccase III 
preserves its secondary structure after prolonged incubation at 60°C, whereas it 
undergoes denaturation at 80°C only after 1h incubation. Stability study under MW 
radiation highlights the strong denaturing non thermal effect of microwaves over 
enzymes, accompanied by the release of at least one copper ion. A computational 
PLS (Partial Least Square) model correlating enzymatic structure and 
thermostability has been constructed, demonstrating that within the set of laccases 
considered, the protein structure does not explain the observed differences in 
stability but glycosylation must be taken into account. Therefore, the location of 
the glycan on the surface of the enzyme as well as the specific structure of the 
sugar moiety are of major importance in preserving the activity of the enzyme 
under denaturing conditions. 
3.2 Introduction 
Laccase (benzenediol: oxygen oxidoreductase, EC 1.10.3.2) belongs to a group of 
polyphenol oxidases which catalyze the reduction of oxygen to water accompanied 
by the oxidation of a substrate, such as methoxy-substituted monophenols, o,p-
diphenols, aminophenols, polyphenols, polyamines, aryl amines and lignin. 
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Laccases are some of the few oxidoreductases commercialized as industrial 
catalysts. The enzymes can be used for textile dyeing/finishing, wine cork making, 
teeth whitening, and many other industrial, environmental, diagnostic, and 
synthetic uses.58 
The enzyme exhibits a broad substrate specificity, which can be enhanced by 
addition of redox mediators. The efficiency of the latter, especially investigated for 
depolymerisation of lignin, has been demonstrated in a number of publications. 
The capability of laccases to form reactive radicals in lignin can be also used in 
targeted modification of wood fibres in order to improve the chemical or physical 
properties of the fibre itself 59. 
In many cases the substrates of interest are poorly soluble in water so that enzyme 
stability in different extreme conditions which employ also organic denaturing 
solvents is of interest for enlarging the applicability of this enzyme to further 
biocatalytic processes.60 Secondly, it is recognized that microwave radiation can 
improve kinetics of enzymatic reactions, also on solid phase, so that the 
applicability of microwave radiation to the laccase mediated transformation of 
recalcitrant substrates is of interest. The main purpose of this study was to 
evaluate stability of laccases from fungi Panus (Lentinus) tigrinus 8/18, Lentinus 
strigosus 1566 and Steccherinum ochraceum 1833 exposed to different potentially 
denaturing conditions, namely high temperature and microwave ration. 
Particular attention has been paid to laccase from Steccherinum ochraceum 1833, 
which resulted the most stable among the enzymes considered.  
                                                             
58 Riva S., 2006, Laccases: Blue Enzymes for Green Chemistry, Trends in Biotechnology, Vol.24, p. 219-
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According to Chernykh et al61, basidiomycete from Steccherinum ochraceum 1833 
laccase III is able to produce three very stable isoforms (I, II and III) of laccases with 
different molecular weight (57.5, 59.5 and 63 KDa respectively). Mass difference 
can be explained by different extent of proteolysis, premature termination of 
translation and glycosylation that has been already noted for laccase isoforms from 
other basidiomycetous fungi 62, 63.  
The attention was focused on the most stable isoform studied, Steccherinum 
ochraceum 1833 laccase III. Experimental data here reported illustrate the stability 
of this enzyme under a wide range of denaturing conditions. Spectroscopic analysis 
(Circular Dichroism, Fluorescence, UV-Vis) were performed to provide explanations 
of the conformational and structural features responsible of laccase stability. 
Finally, molecular modeling and PLS multivariate statistical analysis were used to 
compare the structure of Steccherinum ochraceum 1833 laccase III with a set of 
different laccases, by constructing mathematical models correlating structure and 
enzyme stability experimentally determined. 
The PLS models indicated that among the set of enzymes considered, the protein 
structure alone cannot be correlated to enzyme stability but glycosylation must be 
taken into account. 
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 Chernikh A., Myasoedova N., Kolomysteva M., Ferraroni M., Briganti F., Scozzafava A., 
Golovleva L., 2008, Laccase isoforms with unusual properties from the basidiomycete 
Steccherinum ochraceum strain 1833, Journal of Applied Microbiology, Vol.105, p. 2065-2075 
62 Bertrand, T., Jolivalt, C., Briozzo, P., Caminade, E., Joly, N., Madzak, C., Mougin, C., Crystal 
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63
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3.3 Results and Discussion 
3.3.1 Laccase Thermostability and “non-thermal” Microwave effect 
A preliminary study to evaluate the laccases’ thermostability was performed by 
employing standard heating system.  
Samples of laccases from fungi Panus tigrinus 8/18, Lentinus strigosus 1566 and 
Steccherinum ochraceum 1833 laccase III were incubated in 20mM Na-acetate 
buffer at pH 5.0 at different temperatures. 
Nowadays microwaves radiation (MW) is a very reliable and common heating 
technique which is widely used in organic chemistry. This technique has already 
demonstrated to be effective in improving reaction kinetics even when applied to 
biocatalysis and solid phase biocatalysis 64, 65, 66, 67, 68, although for some enzymes a 
marked non thermal inactivation effect was reported 69. 
In order to discriminate between thermal and non-thermal microwave effects the 
enzymes were incubated in standard buffer solution at 60°C with and without 
microwave radiation. 
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Figure 3.1 Time-dependent activity of laccase from fungus P. tigrinus 8/18 at 60oC with and without 
microwave radiation. Each data point is the average of at least three measurements 
 
Figure 3.2 Time-dependent activity of laccase from fungus L. strigosus 1566 at 60°C with and 
without microwave radiation. Each data point is the average of at least three measurements 
Laccases from P. tigrinus 8/18 (Figure 3.1) and L. strigosus 1566 (Figure 3.2) 
undergo to a progressive thermal inactivation within the first hour of incubation. 
Upon microwave radiation the inactivation is accelerated occurring within the first 
five minutes of incubation. 
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Figure 3.3 Time-dependence of activity of laccase from fungus S. ochraceum 1833 at 60oC with 
(yellow line) and without (blue line) microwave radiation. Each data point is the average of at least 
three measurements 
On the other hand, it is remarkable that laccase from S. ochraceum 1833 laccase III 
shows a hyperactivation at 60°C with a similar profile when microwave radiation 
was applied (Figure 3.3). Therefore data suggest that the increase of activity 
observed by applying microwave radiation both at 60°C is largely dependent on the 
temperature rather than on the radiation itself 70, 71, 72.   
Due to the high stability of S.ochraceum 1883 laccase III at 60°C, the study on this 
enzyme proceeded at higher temperatures considering the denaturing effects of 
conventional heating and microwave radiation at 80°C (Figure 3.4). 
                                                             
70 De la Hoz A., Diaz-Ortiz A., Moreno A., 2005, Microwaves in organic synthesis. Thermal and non-
thermal microwave effects, Chemical Society Reviews, Vol.34, p.164-178 
71
 Porcelli M., 1997, Non-thermal effects of microwaves on proteins: thermophilic enzymes as model 
system, FEBS Letters Vol.402, p.102-106 
72 Bonomo R. P., Cennamo G., Purrello R., Santoro A.M., Zappalà R., 2001, Comparison of three fungal 
laccases from Rigidoporus lignosus and Pleurotus ostreatus: correlation between conformation 
changes and catalytic activity, Journal of Inorganic Biochemisty, Vol.83, p.67-75 
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Figure 3.4 Time-dependence of activity of laccase from fungus S. ochraceum 1833 at 80oC with 
(yellow line) and without (blue line) microwave radiation. Each data point is the average of at least 
three measurements  
Data clearly show that, S. ochraceum 1833 laccase III is characterized by an 
extraordinary thermostability.  
At 80°C the enzyme undergoes a hyperactivation and subsequently a slow thermal 
inactivation (Figure 3.4). However, it is noteworthy that after 1 h incubation at 80°C 
the enzyme displays the same activity observed at t=0 h, whereas the other two 
enzymes denatured quite fast, already at 60oC. 
Upon microwave radiation, laccase III from S. ochraceum 1883, undergoes 
immediate inactivation. Therefore data suggest that hyperactivation of the laccase 
is microwave independent whereas inactivation might be characterized also by 
non-thermal mechanisms due to microwave radiation. 
3.3.2 Investigating factors enhancing Steccherinum 
ochraceum stability 
Circular Dichroism Spectroscopy (CD) of S.ochraceum laccase III 
Circular Dichroism experiments were performed in order to evaluate 
conformational changes in the protein enabling activity increase of protein after 
storage at 60°C and the gradual decrease of activity at 80°C. In particular, there was 
the interest to evaluate whether mechanisms different from protein unfolding 
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were involved in the loss of activity and in particular whether MW radiation exerts 
a negative effect on copper ions function. 
The enzyme was diluted in 20mM acetate buffer pH 5.0. Before starting 
experiments CD spectra of the buffer (at 24, 60 and 80°C) and of the protein at 
24°C were recorded. 
The protein was diluted to 0.22 µM in 20mM acetate buffer pH 5.0 and heated in a 
thermostatted bath as described in material and methods section. The same bath 
was connected to the cell framework to maintain the system at constant 
temperature.  
Figure 3.5 shows laccase CD spectra collected after incubation at 24 and 60°C. 
 
Figure 3.5 CD spectra of Steccherinum ochraceum 1833 laccase III at 24°C (red line) and after 
incubation at 60°C for 0/30/60/120/180 and 240 minutes, respectively 
All spectra recorded at 60°C are almost identical, indicating that negligible 
conformational changes, detectable by CD, occurred on the protein during the 
prolonged incubation. The difference observed in the spectrum at 24°C might be 
correlated to the observed temperature-dependent hyperactivation. Differences 
might be ascribed to a different exposure of α-helix and β-sheet domains to the 
solvent. Moreover, the before mentioned aggregation phenomena might be more 
pronounced at 24°C. No protein aggregation was observed in any of the 
experimental conditions considered. 
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Figure 3.6 shows how the stability of Steccherinum ochraceum 1833 laccase III at 
80°C is time dependent. The intensity of the curve decreases proportionally to the 
incubation time. After 180min the band at 195nm becomes negative and there is a 
shift of the negative band at 215nm (the typical β-sheets CD band)13 ascribable to 
highly disordered conformation (random coil)72. 
 
Figure 3.6 CD spectra of Steccherinum ochraceum 1833 laccase III at 24°C (red line) after 
conventional heating at 80°C for 0/10/60/120/180 minutes, respectively, and after microwave 
radiation at 80°C and 40W (black line) 
Similar fungal laccases behaviour (Figure 3.6) was previously reported by Bonomo 
et al 72 after thermal treatment of fungal laccases from R. Lignosus and P. ostreatus. 
The CD spectrum registered after MW radiation indicates the total absence of the 
typical of β-sheet at 195 nm, whereas the α-helix band shifted from 218 nm to 201 
nm, thus indicating a severe loss of secondary structures. In conclusion, according 
to CD spectroscopy, most of the observed thermal and MW inactivation is 
ascribable to conformational changes and unfolding. 
Intrinsic Trp Fluorescence Spectroscopy of S.ochraceum laccase III 
Most of the intrinsic fluorescence emissions of folded protein are due to excitation 
of tryptophan residues and secondly by Tyr residues.  
Laccase from Steccherinum ochraceum 1833 laccase III enzyme is characterized by 
nine Trp residues (Figure 3.7). As can be deduced from the tri-dimensional model, 
W66, W152 and W449 are placed on β-sheets and are quite accessible to the 
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solvent, as well as W457 and W484 which are positioned on α-helices. W76 is also 
on an α-helix but it is less accessible to the solvent. W261 and W424are on β-
sheets and are not exposed to the solvent. W108 is located close to the T2-T3 site 
and is not exposed to the solvent. As reported by Graupner et al.73 and by 
Brockhinke et al.74, in order to evaluate selectively the emission of Trp residues 
(thus excluding Tyr residues emission) the excitation wavelength must be set at λex 
= 295nm and emission measured in the range of 310 460nm. 
The objective of the study was to evaluate possible variations of emission of the 
Trp by passing from 24°C to higher temperatures. It is known that emission spectra 
of Trp change as a function of the polarity of the surrounding environment. 
 
Figure 3.7 Model of the structure of S.ochraceum 1833 laccase III. All the Trp residues are 
highlighted in the model in green. Trp 66, 152 and 449 are located on β-sheets and are quite 
accessible as also Trp 457 and 444, which are placed on α-helices.  Trp 76, situated in an α-helix 
structure, Trp 261 and 424, located on β-sheets , are less exposed to the solvent. Finally, Trp 104 is 
near the T2-T3 site 
The experiments were carried out in a quartz cell heated in a heating/stirring 
module (Reacti ThermTM) as described in Material and Methods section. Blanks 
were registered for 20 mM acetate buffer pH 5.0 and for native protein before 
                                                             
73 Graupner M., Haalck L., Spener F., Lindner H., Glatter O., Paltauf F., Hermetter A., 1999, Molecular 
Dynamics of Microbial Lipases as Determined from Their Intrinsic Tryptophan Fluorescence. 
Biophysical Journal, Vol. 77, p.493–504. 
74 Brockhinke A., Plessow R., Kohse-Höinghaus K., Herrmann C., 2005, Structural changes in the Ras 
protein revealed by fluorescence spectroscopy. Physical Chemistry Chemical Physics, Vol. 5, p.3498-
3506. 
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thermal treatment. Figure 3.8 and Figure 3.9 report the results recorded after 
incubating the protein at 60 and 80°C. 
 
Figure 3.8 Overlapping of fluorescence emission spectra collected for S.ochraceum 1833 laccase III 
at 24°C (red line) and after thermal treatment at 60°C for 30/60/120/180 and 240 minutes, 
respectively 
 
Figure 3.9 Overlapping of fluorescence emission spectra collected for S.ochraceum laccase III at 
24°C, after thermal treatment at 80°C for 10/60/120and 180 minutes, respectively, and after 
microwave radiation at 80°C and 40W 
Figure 3.8 shows perfectly overlapped spectra for all the experiments performed at 
60°C and 24°C. Therefore, it can be stated that no major variation occurs on the 
tertiary structure of the protein, namely no significant unfolding process that might 
determine a higher exposure of the Trp to the medium. Fluorescence data are 
therefore in agreement with CD spectra.  
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Spectra at 80°C (Figure 3.9) confirm the time-dependence of the stability of S. 
ochraceum 1833 laccase III as already observed in CD spectra. Fluorescence spectra 
display a decrease of emission intensity directly proportional to the incubation time 
of the enzyme at 80°C, thus suggesting an increase of the disorder of the 
conformation of the protein and a larger accessibility of the solvent to the Trp 
residues.  
Table 3.1 reports the shift of the λmax in the emission spectra. 
Table 3.1 λmax value and kind of shifts observed for laccase from S.ochraceum isoform III after 
thermal treatment and MW radiation 
Temperature (°C) 
and Incubation Time (min) 
λmax value 
(nm) 
Kind of shift 
24°C 336.4  
80°C , 10 min 337.0 Red shift 
80°C , 60 min 334.2 Red shift 
80°C , 120 min 341.0 Red shift 
80°C,  180 min 334.4 Red shift 
80°C, 40W MW, 10 min 339.6 Red shift 
In all cases a red shift of λmax was observed. As reported by Brockhinke et al
74 the 
red-shift can be interpreted as an increase of the polarity of the microenvironment 
surrounding the Trp residues, thus causing a Stoke-shift of the λmax of emission, 
which also lead to a strong quenching and a reduction of the intensity of the signal. 
This means that by increasing the time of thermal exposure Trp residues are 
oriented towards more hydrophilic surrounding area, most probably due to a 
partial unfolding of the enzyme structure.17,18,21 This would be also confirmed by 
the observation of protein aggregation (turbid solution at 60 min) and precipitation 
after 120 min of incubation (Figure 3.10).24 
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Figure 3.10 S. ochraceum 1833 laccase III after incubation at 80°C for 120min 
UV-VIS Spectroscopy of S.ochraceum laccase III 
The enzymatic activity of laccases is dependent on four copper (II) ions which are 
coordinated in three different sites (T1, T2 and T3) each one characterized by 
unique spectroscopic features. 
Chernykh et al 61 have previously shown in a study of the three isoforms of 
Steccherinum ochraceum 1833, that UV spectra of laccase III have a typical 
adsorption ascribable to T1 site with a maximum of absorbance at 611 nm , 
whereas a shoulder at 330 nm is ascribable to T3 site. The latter contains two 
copper ions which are anti ferromagnetically coupled.72 
The T2 site contains one copper ion, which is detectable only by means of EPR 
(Electron paramagnetic resonance).75 
The UV-Vis study aimed at verifying possible variations in the complexation of the 
copper ions, ascribable to variations of activity observed. Spectra were registered 
in the range of 280-700 nm. Spectra recorded after incubating the protein at 24°C e 
a 60°C (t=30/60/120/180/240min) are virtually super imposable (Figure 3.11) 
indicating that the protein does not undergo severe variations at the level of 
T1/T2/T3 since the signals relative to copper ions are preserved. 
                                                             
75 Leontievsky A., Vares T., Lankinen P., Shergill J., Pozdnyakova N., Myasoedova N., Kalkkinen N., 
Govovleva L., Cammack R., Thurston C., Hatakka A., 1997, Blue and yellow laccases of ligninolytic 
fungi, FEMS Microbiology Letters, Vol.156, p.9-14 
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Figure 3.11 UV-Visible spectra of S. ochraceum laccase III at 24°C and after protein incubation  at 
60°C for 30/60/120/180 and 240 min. Protein concentration was 0.91 µM 
On the contrary, spectra recorded after incubating the protein at 80°C and after 
MW radiation indicate a strong variation as compared to the reference spectrum at 
24°C (Figure 3.12). At 80°C the spectrum does not change after the first 10 min but 
after 60 min the typical absorbance at 611 nm is not observable. After 120 min all 
typical bands are lost. 
 
Figure 3.12 UV-Visible of S. ochraceum laccase III at 24°C; after protein incubation at 80°C for 
10/60/120 and 180 min; after MW radiation at 80°C and 40W for 10 min. Protein concentration was 
0.91µM 
Interestingly, after MW radiation the recorded spectrum is very similar to the one 
recorded at 80°C after 60 min. A deeper analysis was performed considering the 
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spectrum at higher wavelength (up to 900 nm) in order to detect any copper ion 
lost by the protein dissolved in the incubation buffer solution. 
Actually, when a spectrum of the protein, incubated in acetate buffer and treated 
by mean of microwave radiation, was compared to the spectrum recorded for the 
same protein at 24°C, a small shoulder appeared at 792 nm (Figure 3.13). 
 
Figure 3.13 UV-Vis spectra of Steccherinum ochraceum 1833 laccase III recorded at 24°C (red line) 
and after 10 min microwave radiation at 80°C, 40W (Black line). Protein concentration was 0.91µM 
UV-VIS spectrum of laccase after microwave radiation (Figure 3.13) shows, besides 
the disappearance of all typical adsorption bands, the presence of a small shoulder 
at 792 nm, which might be ascribable to the presence of copper ion in solution. The 
same shoulder is not present in the spectrum recorded with the protein at 24°C. 
These data suggest an involvement of T2 and T3 copper ions in the mechanisms 
leading to enzyme inactivation. 
By taking into consideration that T1 copper atom is the most superficial and might 
be easily released upon protein unfolding, the presence of copper ion in solution 
was verified. 
Aqueous solutions of different Copper (II) salts (aqueous solution of Copper 
sulphate and acetate and Copper sulphate in 20 mM acetate buffer, respectively) 
were prepared and analyzed by UV-VIS spectroscopy to verify the absorbance 
wavelength of the different copper ion conjugates (Figure 3.14). 
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Figure 3.14 UV-VIS spectra of different solutions containing Copper (II) ions. In all cases Cu (II) 
concentrations were 0.01M 
Indeed, the wavelength of absorbance of a free copper ion in solution is different 
from a complexed one, as reported by Yates et al. 76 and reported in Table 3.2. 
Table 3.2 Comparison of wavelength of adsorption of different Copper (II) salts diluted in water and 
acetate buffer 
Solution Absorbance wavelength (nm) 
Copper sulfate in water 804 
Copper acetate in water 782 
Copper sulfate in 20mM acetate buffer 770 
In conclusion, both thermal and non-thermal MW inactivation phenomena seem to 
be correlated to severe change in the secondary structure of the protein and most 
probably to the loss of at least one copper ion from the catalytic sites. 
Investigating structural basis of stability of S. ochraceum laccase by 
molecular modeling 
On the basis of the spectroscopic studies, it appears that laccase III from 
Steccherinum ochraceum 1833 has a very robust structure.  
In order to further investigate the structural basis of such remarkable stability 
molecular modeling and multivariate statistical analysis were used. The aim was to 
construct a PLS model correlating laccases' surface properties and their 
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extractions using water in carbon dioxide microemulsions, Chemical Communications, p.25-26 
Experimental and Computational Analysis of Thermal Stability of Fungal Laccases 
 
94 
thermostability. A similar approach has been previously used for demonstrating 
that surface properties can be correlated with physico-chemical behaviour of 
enzymes. In the present study the GRID-based Volsurf method was chosen for 
chemical description of enzyme surface and then statistical analysis, has previously 
reported for studying a list of hyperthermophylic proteins.6 Volsurf is a 
computational procedure for the prediction of drugs pharmaco-kinetic properties 
by compression of 3D molecular interaction energy maps information to 2D 
numerical descriptors alignment independent, such as surface interaction 
capability. 
Three-dimensional laccases structures provided by X-ray crystallography or 
homology modeling (Table 3.3), were analyzed in order to obtain Volsurf 
descriptors,77 then a partial least squared (PLS) regression model was built 
correlating laccase surface properties and thermostability. Details concerning the 
construction of the structural models are reported in Materials and Methods.  
The activities experimentally measured as half-life in buffer upon incubation at 60° 
C (t1/2) were used as a thermostability index according to a recent laccases' 
thermostability review.78 
As suggested by the literature,6 the first PLS model was built up by taking into 
account only the folded polypeptide chain, namely the apoprotein, but the 
resulting model did not show any predicting capability. There is not enough 
relationship between apoprotein surface properties and the logarithm of half-life 
(ln t1/2), probably because of the high glycosylation content of common secreted 
laccases that clearly modifies the enzyme surface properties. 
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Table 3.3 List of the structures of laccase enzymes modeled and used for the construction of the PLS 
mathematical model based on the sole protein structure 
ID Laccase Structure 
schCT /schHM 
(*)
 Steccherinum ochraceum
61
 PDB (unpublished) 
1GW0A Melanocarpus albomyces
79 PDB 
Psp1b/pxA1G Pleurotus sp. Florida POXA1b80 Homology model 
Csub5 Ceriporiopsis subvermispora
81
 Homology model 
PyCocc3 Pycnoporus coccineus
82
 Homology model 
pycH – pycapo (**) Pycnoporus sanguineus83 Homology model 
TrPub1 Trametes pubescens
84 Homology model 
riglG Rigidoporus lignosus
85
 PDB 
poxCG Pleurotus ostreatus POXC86 
Homology 
model 
Psp7 Pleurotus sp. Florida
87 Homology model 
2QT6A Lenitus tigrinus
61 PDB 
trvrG/trapo/trvrI (**) Trametes versicolor88 PDB 
(**)Two differently glycosilated isoforms of laccase 
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As a consequence, a second PLS model was built with the same computational 
tools and procedures but starting from glycoprotein three-dimensional structures, 
in which the amino acid chain and carbohydrates moiety were considered as a 
unique object. Thus, the surface properties of the glycoprotein are calculated 
taking into account the folded polypeptide chain and glycans as well. 
Unfortunately very few experimental characterization of glycans of laccases are 
available from the literature. Therefore, the PLS model was built on a much more 
restricted data set, which includes only 5 glycoproteins and two related 
deglycosylated proteins. The latters were de-glycosylated enzymatically. 
Unfortunately, the scarce information concerning the glycosylation of laccase from 
Steccherinum ochraceum 1833 did not allow to include this enzyme in the data set. 
For the enzymes composing the data set the three-dimensional glycoprotein 
structures were created on the basis of the structural information reported in the 
literature (see Materials and Methods section). The efforts were focused on the 
representation of the most representative population of glycosylated protein of a 
certain laccase, being aware of the great micro- and macro-heterogeneity of any 
glycosylated enzyme. 
Nevertheless, because of the intrinsic characteristics of glycosylation, the chosen 
structures of glycoproteins should be considered as a single screenshot over the 
complex population of experimental samples that is characterized by a macro-
heterogeneity (i.e. occupancy of multiple glycosylation sites) and a micro-
heterogeneity (i.e. glycan structure at each glycosylation site).89 To really represent 
the experimental sample, glycoforms heterogenicity should be considered.  
The resulting PLS (Figure 3.15) shows that the logarithm of the half-life (activity 
under incubation at 60° C; ln t1/2) can be correlated with laccases' superficial 
properties only if the glycans are taken into account in the structural model. 
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Figure 3.15 Plot of experimental ln t1/2 vs. data calculated by the PLS model 
The relationship between surface properties and thermostability may be further 
dissected by analyzing the contribution of the selected variables of the statistical 
model, namely from the analysis of the PLS-loadings (Figure 3.16). 
 
Figure 3.16 PLS loadings  
It is interesting to note that despite the presence of the glycans on the enzyme 
surface, the hydrophobic descriptors (e.g. DRY) have the major contribution in 
correlating thermostability and surface properties. 
More specifically, the higher is the hydrophilic/hydrophobic ratio, the lower is the 
ln t1/2. 
Crystal structures of laccases from P. tigrinus 8/18 and S. ochraceum 1833 allow the 
modelling of such enzymes as apoproteins. Unfortunately there is no structural or 
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protein sequence related information about laccase from L. strigosus 1566, thus no 
computational study was performed on this enzyme.  
Moreover, the poor glycosylation-related information necessary to make 
hypothesis concerning the structure and consequently the surface of a 
glycoprotein, did not allow a clear representation of either P. tigrinus 8/18 and S. 
ochraceum 1833 laccases. Glycans mass contribution and simple characterization 
(i.e. lectines assay) of such carbohydrate moiety just allow a preliminary structural 
hypothesis that can be used for qualitative studies, especially when it is clear that 
oversimplification neglecting glycans may be just unproductive. 
Concerning laccase from S. ochraceum 1833, the few data available on the 
glycosylation of this enzyme indicate that there are at least two glycosylation sites 
(out of the three totally present) compatible with the retention of activity upon 
insertion of the glycan. No information is available on the size and structure of the 
glycans. 
As a consequence, hypothetical structures were constructed having different 
degree and typology of glycosylation (Table 3.4) 
Table 3.4 Characteristics of the hypothetic structures used for modeling the glycoprotein of laccase 
III from S. ochraceum 1833 
ID N° glycans type Mass contribution % 
scapo 0 - 0% 
schCT 2 Complex 7,0% 
schHM 2 High-Mannose 6,1% 
sch3C 3 Complex 10,1% 
sch3H 3 High-Mannose 8,6% 
The expected stability was calculated on the basis of the four structural models and 
the PLS mathematical model. The predictivity resulted poor, and the best result 
was obtained with the structure sch3C. 
In conclusion, the poor fitting indicate either that the structural models simulated 
for the glycoprotein are very far from the structural reality or that the laccase from 
S.ochraceum 1833 differ considerably in terms of structural factors affecting the 
stability as compared to the laccases used for the data set. 
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3.4 Conclusions  
Laccase from S.ochraceum 1833 shows remarkable activity and stability as 
compared to the other two laccases considered in this study. 
A spectroscopic study shed light on the structural features determining its stability. 
The observed decrease of activity of S.ochraceum at 80°C is related to time-
dependent conformational changes significantly influenced by the glycan moiety. 
The study was also aimed at explain if the activity loss observed at 80°C and under 
microwave radiation are ascribable only to conformational modification or the 
copper (II) ions are involved. UV-Vis data demonstrated that after 10 min under 
microwave at 80°C the protein loses at least one copper ion compromising its 
catalytic activity. 
Computational data suggests that the stability of laccases can be described 
/modelled only by taking into account also the glycan moiety. 
Due to huge structural variability of the strains related to different extent of 
glycosylation stabilization of laccases (immobilization) requires specific tailored 
strategies, since extent of glycosylation must be taken into account and it depends 
on microbiological vehicle for expression  
3.5 Materials and methods 
Enzymes 
Laccases from the fungi Panus (Lentinus) tigrinus 8/18, Steccherinum ochraceum 
1833 and Lentinus strigosus 1566 were purified and characterized at the Institute 
of Biochemistry and Physiology of Microorganisms, Russia. 
Protein Content determination 
Purified lacccase concentrations were determined colorimetrically at 595 nm 
according to Bradford assay. Protein content was determined on the basis of a 
calibration curve previously prepared using protein standard BSA (1mg/ml). 
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According to Bradford assay the protein content was about 3.7mg/ml. Bradford 
reagent and BSA protein standard solution were purchased from sigma Aldrich. 
Measurement of laccase activity 
Laccase activity was determined by measuring the oxidation of 10 mM catechol 
buffered with 20 mM Na-acetate buffer pH 5.0. Enzymatic activity was determined 
spectrophotometrically in 1 cm quartz cuvettes at 25°C. The progress of the 
enzymatic oxidation was monitored at 400 nm.82 
Measurement of laccase thermostability 
Solutions of laccases were prepared by diluting the 10 μl purified laccase stock 
solution in 20 mM acetate buffer pH 5.0 and incubated at 60°C for P. tigrinus 8/18 
and L. strigosus 1566, and only for S. ochraceum 1833 laccase III the thermal 
stability was also tested at 80°C. At the different time points, aliquots of this 
solution were used in the spectrophotometric assay with catechol. 
Measurement of laccase stability upon microwave radiation 
Solutions of laccase were prepared by diluting 10 μl purified laccase stock solution 
in 20 mM acetate buffer pH 5.0 and exposed to microwave irradiation. Irradiation 
power was 10 W, and the temperature was 60°C for P. tigrinus 8/18 and L. 
strigosus 1566 and S. ochraceum. Furthermore, S. ochraceum laccase III was also 
irradiated at 40 W and 80°C. At the different time points, aliquots of this solution 
were used in the spectrophotometric assay with catechol. 
Circular Dichroism (CD) Spectroscopy 
Circular dichroism system was a Spectrometer Jasco-710. 
Stability of Steccherinum ochraceum 1833 laccase III was analyzed after incubating 
the samples in a water bath at 60°C and 80°C.  
Generally the protein concentration employed for circular dichroism (CD) 
experiments is around 5-1µM.13 However, better results were obtained when the 
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protein was diluted with 20 mM acetate buffer pH 5.0 reducing concentrations to 
0.22 µM. 
Before each experiment all the protein solutions were filtered13 under reduced 
pressure by 0.45 µm filter purchased from Millipore.  
Circular dichroism Measurement-Parameters setting: 
wavelength start 300nm 
 end 190nm 
band width 1.0 nm 
data Pitch 0.2 nm 
scanning mode continuous 
scanning speed 50 nm 
response 1sec 
n° accumulations 7 
cell path length 0.2 cm 
temperature 60°C and 80°C 
The cell employed for the tests was a 0.2 cm quartz cell. 
The cell framework was heated in order to keep the samples at the same 
temperature during the spectrum acquisition.  
In all tests as a blank sample a spectrum of the buffer employed for protein 
incubation was recorded. 
Times were chosen on the basis of experimental data. 
Intrinsic Trp Fluorescence Spectroscopy 
For fluorescence spectroscopy data a Fluorescence Spectrophotometer F-4500 
Hitachi were employed. 
Fluorescence spectra of laccase from S. ochraceum 1833 were recorded after 
incubating the protein in 20 mM acetate buffer pH 5.0 at 60°C and 80°C. For the 
incubation a Reacti-ThermTM incubator heating/stirring module was employed. 
Parameters employed for fluorescence experiments are listed below. 
Parameters of analysis: 
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Scan mode emission   
Scan speed 60nm/min 
Emission start 310nm 
Emission stop 460nm 
Excitation wavelength 295nm 
After preliminary experiments the protein concentration chosen was 0.59 µM. 
Each sample was thus analyzed at constant excitation wavelength (295nm) in a 1 
cm quartz cell and the emission was followed in the range between 310 and a 460 
nm.20 
In all tests as a blank sample a spectrum of the buffer employed for protein 
incubation was recorded. 
UV-VIS Spectroscopy 
Optical absorption spectra were collected after protein incubation in a 1 cm quartz 
cell at 60°C and 80°C in a Reacti-ThermTM incubator heating/stirring module. 
At several times the optical absorption was measured with a spectrophotometer 
Lambda 20 UV-Visible Perkin Elmer in the wavelength range 700-280nm.61 
Parameters of analysis: 
Wavelength range 700-240 nm 
Data pitch 
20nm 
Scan speed 
240nm/min 
For the stability study of S. ochraceum 1833 laccase III at 60°C the optical 
absorption was measured after 0/30/60/120/180 and 240 minutes according to 
experimental thermal stability data (Figure 3.11). 
For the stability study of S. ochraceum 1833 laccase III at 80°C the optical 
absorption was measured at 0/10/60/120 and 180 minutes according to 
experimental thermal stability data (Figure 3.12). 
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Modeling of glycoproteins 
Crystal structure of enzymes, where available, were downloaded from RCSB Protein 
Data Bank and solvent, co-solvent, substrates and every other “HETATM” record, 
apart from glycan ascribable moiety, was deleted. Starting from such X-ray 
structures or homology models  all three-dimensional glycoprotein structures were 
built manually considering only N-glycosylation. No O-glycan was built. 
N-glycosylation sites (Asn-X-Ser/Thr) where found using NetNGly web tool.90 
Glycans were built over glycosylation sites showing at least one carbohydrate 
monomer electron density, usually N-acetylglucosammine, in crystallographic 
structures. Otherwise, more detailed glycan experimental characterization found in 
the literature were used (i.e. mass analysis of glycoprotein fragments).  
Carbohydrates building blocks and their connectivity were modeled accordingly to 
the available studies in literature, if any. Otherwise the whole glycan ascribable 
molecular weight was distributed over the available N-glycosilation sites, so the 
same glycan was built on each glycosilation site. 
The structure of the carbohydrate moieties were built stating from few monomers 
detected by X-ray crystallographic, if any, using Carbohydrate Building suite of 
software MOE. Because of the weakness of some experimental information used, a 
qualitative likelihood range is used to evaluate glycoproteins structural hypothesis. 
Each three-dimensional glycoprotein model was refined by local energy 
minimization and local relaxation dynamic simulation of the sole carbohydrate 
moieties freezing protein atoms. Once the strain due to the artificial building of the 
glycan was solved, the whole glycoprotein was refined by mean of energy 
minimization and dynamic simulation (100 ps at 300 K) of the glycoprotein as a 
whole. The structure showing the lowest energy between the last 25 MD screen-
shot (sampling 0.2 ps) was used for further computations. 
Homology modeling, molecular dynamics and energy minimizations were 
calculated using the MOE 2009.10 and Amber 99 force field with Born implicit 
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solvent model implementation of MOE. Energy minimization was performed 
starting with steepest descent method (converging at 1000 test or 100 steps), 
improving with conjugated gradient method (converging at 100 test or 100 steps) 
and then finalizing the minimization with truncated Newton method (converging at 
0.01 test or 500 steps).  
Molecular descriptors calculation and 3DQSAR 
The GRID (version) program (Molecular Discovery Ltd.) was used to calculate 
molecular interaction fields (MIFs) for the enzymes. Four probes were used to 
describe protein surface: OH2 (water probe), DRY (hydrophobic probe), O:: 
(carbonyl oxygen probe) and N: (sp3 nitrogen with lone pair). To be sure that the 
entire glycoprotein surface was taken into account the MIFs calculation was 
performed over a box at least 4.5 Å far from the glycoprotein atoms. The grid 
resolution, namely the number of grid plans per Å, was set to 1.  
The Volsurf (version) program (Molecular Discovery Ltd.) was used to calculate 
molecular descriptors from multiprobe molecular interaction fields. Declaring the 
four selected probes (OH2, DRY, O:: and N:) used to calculate MIFs and 8 energy 
levels, Volsurf provide 108 molecular descriptors. Since, the software was 
developed basically for drug discovery, while in the present context it was dealing 
with macromolecules, few descriptors were deleted: logP, elongation, 
polarizability, diffusivity and molecular weight. 
Applying the fractional factorial selection algorithm (FFD) the variables were 
selected in order to improve the performance of the partial least squares (PLS) 
regression model that was cross-validated following the Leave One Out approach 
(LOO). 
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4. Characterization of a native and 
immobilized microbial laccase formulated 
for waste water treatment 
4.1 Summary 
A recombinant bacterial laccase expressed in Escherichia coli produced by MetGen 
oy (Finland) was characterized and then immobilized. The application of the 
immobilized bacterial laccase to the treatment of wastewater coming from pulp 
and paper mills was evaluated. 
The study revealed that the possibility of applying immobilized microbial laccases is 
mainly related to the properties of the native enzyme preparation and 
impurities/additives contained in its formulation, since they may strongly interfere 
with the COD (Chemical oxygen demand) assay and thus increase the measured 
COD level of wastewater. 
Therefore, enzyme immobilization was aimed not only at increasing the stability 
and promoting the reusability of the biocatalyst but also at reducing those 
components of the free laccase formulation interfering with the COD assay. 
Unfortunately, results suggest that these oxidizable additives can be adsorbed on 
the matrix during immobilization process and afterwards released in the reaction 
system when applied for wastewater purposes affecting, again, the COD level. 
4.2 Introduction 
Laccases (E.C.1.10.3.2 benzenediol: oxygen oxidoreductase) are blue oxidase 
capable of oxidizing phenols and aromatic amines by reducing molecular oxygen to 
water by a multicopper system.91 
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They are of particular interest for industrial applications, because of their capability 
to oxidize a wide range of toxic and environmentally hazardous substrates.92 
Because of their relative non-specificity, laccases induce the cross-coupling of 
pollutant phenols with naturally occurring phenols and they can also oxidize 
phenolic compounds to their corresponding anionic free radicals which are highly 
reactive.93 
The current trend in enzyme research is to develop methods to increase the 
efficiency of these enzymes.  
Most of fungal laccases have acid isoelectric point (pI) and cannot be used for the 
treatment of effluents from different industries, largely due to the alkaline nature 
of such effluents. Bacterial laccases, which usually have alkaline pI, can be more 
effective than the fungal counterparts in the treatment of effluents having alkaline 
pH.94 
The amount of pollutants in wastewater is globally expressed as COD (Chemical 
Oxygen Demand) level. 
The increasing amount of paper utilization makes the pulp and paper industry even 
more important in the process of societal modernization. Unfortunately, pulp and 
paper mills generate a considerable amount of wastewater containing various 
types of contaminants.95,96,97 In the literature, it has been reported that high 
concentrations of chlorinated phenolic acids and chemical oxygen demand (COD) 
                                                             
92 Desai S.S., Nityanand C., 2011, Microbial Laccases and their applications: A Review, Asian Journal of 
Biotechnology, Vol.3, p.98-124 
93 Bollag J.M., Shuttleworth K.L., Anderson D.H., 1988,  Laccase-mediated detoxification of phenolic 
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characterization of laccase activity in the basidiomycete Coriolopsis gallica, an efficient decolorizer of 
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of the Total Environment, Vol.333, p.37–58 
96 Singhal A., Thakur I.S., 2009, Decolourization and detoxification of pulp and paper mill effluent by 
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are a basic characteristic of pulp and paper wastewater.95 These phenolic 
compounds are recalcitrant in the environment, difficult to biodegrade and 
detrimental to the public health. Also, the dark brown colour of the wastewater 
due to the presence of abundant partially oxidized organic lignin inhibits the 
natural process of photosynthesis and many times, results in unacceptable odorous 
problems.95,96,97,98 
Without appropriate treatment before discharge, the pulp and paper wastewater 
becomes a severe threat to the aquatic environment as well as the ecology.99 
According to European normative 91/271/CEE100 the COD level allowed for 
industrial wastewaters disposal is <125 mg/L. The COD is calculated as amount of 
potassium dichromate required to oxidize, within two hours, the pollutants 
contained in the wastewaters. 
The conventional treatment units remove COD includes sedimentation and 
floatation, coagulation and precipitation, adsorption, chemical oxidation. Although 
many physical and chemical methods are quite effective in treating pulp and paper 
wastewater, much effort still has been expended in the innovation of wastewater 
treatment technology due to the high capital and energy costs and instability in 
operation of the conventional treatment technologies.101 
Bioremediation of wastewater can be enhanced by the use of ligninolytic enzymes 
such as laccases. Laccases oxidize, polymerize or transform phenolic or 
anthropogenic compounds to less toxic derivatives.102 
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For phenolic substrates, oxidation by laccase results in formation of an 
aryloxyradical, an active species that is converted to a quinone in the second stage 
of the oxidation. Quinone intermediates can spontaneously react with each other 
to form soluble or insoluble coloured oligomers, depending on substrate and 
environmental parameters.103 Laccase can decarboxylate phenolic and 
methoxyphenolic acids104 and also attacks methoxyl groups through 
demethylation.105 Dehalogenation of substituents located in the ortho or para 
position may also occur in the case of substituted compounds.106 
Bioremediation of wastewater with laccase-producing fungi growing directly in the 
concentrated or diluted effluent in the bioreactor is a relatively recent idea. 
Laccase and laccase-like enzymes have been found also in prokaryotes. A search in 
the bacterial databank using the fungal sequence revealed homologies with 
proteins involved in copper resistance, manganese oxidation, and cell 
pigmentation,107 roles in melanin production, spore coat resistance and 
involvement in morphogenesis.108,109 
The classification and function of these enzymes are still controversial and 
phylogenetic analysis confirms that bacterial laccases are quite different from other 
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‘‘true laccases” found in Ascomycetes and Basidiomycetes. Bacterial laccase-like 
proteins could be intracellular, periplasmic,110 or present on the spore coat as in 
the case of Bacillus subtilis.109, 111 The laccase-like genes CueO from Escherichia coli, 
and CopA from Pseudomonas syringae and Xanthomonas campestris were 
considered to encode pseudo-laccase due to their dependence on 2,6-
dimethoxyphenol oxidation.112  
Knowledge of bacterial laccases is relatively restricted, probably due to their 
localization, low level of expression and more restricted substrate range. Ahmad et 
al.113 have demonstrated that some strains of Sinorhizibium meliloti could play a 
significant role in decontamination by colonizing PAHs- and PCBs-contaminated 
soils. 
The potential for use of bacterial laccase in enzymatic treatment is poorly 
documented. Even if several enzymes were isolated from a bacterial species, only 
oxidation of laccase-specific substrates is generally tested. This gives no indication 
of the possible oxidation of recalcitrant pollutants. In addition, even if some 
bacterial species producing laccase, for example Pseudomonas putida,114 have been 
used effectively as a bioremediation agent, the role of laccase oxidation on overall 
decontamination was not clearly demonstrated. 
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Nevertheless, the potential for bacterial laccase to degrade some pollutants is 
consistent.115,116  
Shashirekha et al.117 obtained a significant level of phenol removal with the 
cyanobacterium Phormidium valderianum, and correlated this potential with the 
laccase and polyphenol oxidase enzymes of the bacterium. 
Despite some studies on the laccase-producing potential of bacteria, fungi still 
occupy a predominant position as major laccase producers. 
Despite their enormous potential, the use of laccases for decontamination has so 
far usually been limited to the laboratory scale due to high enzyme production 
costs.102 
Martins et al. have expressed from an overproducing Escherichia coli strain a highly 
stable laccase produced by endospore CotA of Bacillus subtilis. In literature the high 
stability of laccase produced by Bacillus endospores is reported (half-life of 
inactivation of about 120 min at 80°C).111 
In contrast to fungal laccases, laccase activity of Bacillus spores showed a very high 
stability at alkaline pH values (t1/2=67 h at pH 9.5).  
These observed half life time indicate a high potential for industrial processes like 
dye decolorization, detoxification, and transformation of phenolic and other 
compounds where high temperatures and pH values are common. 
Despite their enormous potential, the use of laccases for decontamination has so 
far usually been limited to the laboratory scale due to high enzyme production 
costs.102  
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Free enzymes are non-reusable and sensitive to denaturing agents. Immobilization 
of laccases can protect them from denaturation by organic co-solvents, increase 
their stability in general,118 facilitate the separation of reaction products,119 and 
maintain catalytic efficiency over many reaction cycles.120,121 Immobilized laccases 
have proven effective for phenol removal in both synthetic and industrial 
wastewaters.119 
The present study has been carried out in collaboration with MetGen Oy, a Finnish 
company involved in the production of laccases that can be applied for 
bioremediation and different industrial purposes.122 
The study was aimed at evaluating the feasibility of the immobilization of a 
bacterial laccase produced by MetGen Oy and at studying its potential application 
for wastewater treatment purposes. 
4.3 Results and Discussion 
The gene encoding for the protein employed for this project was overproduced in 
an Escherichia coli strain at MetGen Oy (Finland) where a part of this study was 
developed.  
The bacterial laccase obtained displayed high thermal stability and wide pH range 
of activity. The main features of the protein are reported below: 
Molecular weight: about 65 KDa 
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Isoelectric Point: pH 7.7 
pH range of activity: pH 2-9  
The laccase considered is monomeric and no aggregation is observed at room 
temperature.  
Being an enzyme expressed in a bacterial host it is not glycosylated. 
The free enzyme provided by MetGen Oy is a crude cell lysate displaying a total 
protein concentration estimated around 3.23 mg/ml according to Bradford’s assay. 
The laccase of interest constitute the 25% of the total protein concentration, 
however other cell wall components such as other proteins and enzymes are 
contained in the formulation.  
Free laccase solution contains sugars and salts diluted in 50 mM Tris-HCl buffer pH 
7.5 with 10 mM CuCl2 and 1% TritonX-100 as stabilizers. 
4.3.1 Characterization of Laccase Activity: oxidation of 2,6-
dimethoxyphenol (2,6-DMP) 
Native and immobilized preparations of laccase were characterized employing 2,6-
dimethoxyphenol (2,6-DMP) as substrate, in aqueous solution.123  
The reaction was performed at 60°C by dissolving the substrate in buffer at pH 7.0 
(the same pH value of the wastewater of interest for the final applications). 
The activity was determined by colorimetric assay. Upon oxidation of the substrate 
the solution turns to orange colour so that the reaction can be followed 
spectrophotometrically at λ = 490 nm as described in the Materials and Methods 
session. 
The reaction produces a very unstable radical that rapidly forms a polymer (TMBP) 
which precipitates decreasing the intensity of the colour (Scheme 4.1). 
                                                             
123 D’Annibale A., Celletti D., Felici M., Di Mattia E., Giovannozzi Sermanni G., 1996, “Substrate 
specificity of laccase from Lentinus edodes”, Acta Biotechnologica, Vol.16, p.257–270 
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Scheme 4.1 DMP oxidation mechanism proposed by Wan et al.124 
Therefore, the kinetic of the reaction can be followed until the rate of the radical 
production is higher than the rate of radical polymerization. 
This is in agreement with the observed reaction profiles where the initial linear 
increase of the absorbance is then followed by a fast decrease (Figure 4.1). 
 
Figure 4.1 2,6-DMP oxidation catalyzed by the free enzyme preparation 
The enzymatic preparation containing the native enzyme is was characterized in 
terms of 2,6-DMP oxidation (Table 4.1). Moreover, SPRIN S.p.A. (Trieste, Italy) 
provided five formulations of the immobilized laccase which were also 
characterized (Table 4.1) 
All samples are constituted by the laccase covalently immobilized on methacrylic 
porous polymers functionalized with epoxy and aminic groups. In the case of 
                                                             
124 Wan Y.Y., Du Y.M., Miyacoshi T., 2008, Enzymatic catalysis of 2,6-dimethoxyphenol by laccases and 
products characterization in organic solutions, Science in China B: Chemistry, Vol.51, p.669-676 
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aminic polymers the resin was previously pre-activated with glutaraldehyde.125 It is 
interesting to note that despite the different immobilization methods and type of 
polymer functionalization the results are quite similar and no significant difference 
emerges worth to be commented. Therefore, all the preparations were used for 
the following tests on wastewater samples. 
Table 4.1 Activity of free laccase produced by MetGen Oy and immobilized laccase prepared by 
SPRIN S.p.A. towards 2,6-DMP oxidation 
Enzymatic Preparation Enzymatic activity 
U/mg U/gwet 
Free enzyme 1.5  
L1 
 
2.7 
L2 
 
2.2 
L3 
 
2.5 
L4 
 
2.3 
L5 
 
1.9 
4.3.2 Enzymatic wastewater treatment 
The degree of pollutants contained in a wastewater is determined in terms of 
Chemical Oxygen Demand (COD). 
COD is the standard method for indirect measurement of the amount of pollution 
(that cannot be oxidized biologically) in a sample of water. 
According to European normative 91/271/CEE100 the COD level allowed for 
industrial wastewaters disposal is <125 mg/L. 
The COD test procedure is based on the chemical decomposition of organic and 
inorganic contaminants, dissolved or suspended in water. The result of a COD test 
indicates the amount of water-dissolved oxygen (expressed as parts per million or 
milligrams per litre of water) consumed by the contaminants, during two hours of 
decomposition from a solution of boiling potassium dichromate. The higher the 
COD, the higher the amount of pollution in the test sample. 
                                                             
125 Basso A., Braiuca P., Cantone S., Ebert c., Linda P., Caimi P., Hanefeld U., Degrassi G., Gardossi L., 
2007, In Silico Analysis of Enzyme Surface and Glycosilation Effect as a Tool for Efficient Covalent 
Immobilization of CalB and PGA on Sepabeads, Advanced Synthesis and Catalysis, Vol.349, p.877-886  
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The wastewater employed for this study was from a Pulp and Paper Industry and 
supplied by a customer of MetGen Oy. 
The water is smelling and featured by green colour with some black particles 
settled and/or suspended and the pH value is around 7.0. 
Application of native Laccase for Wastewater treatment 
The capability of free enzyme to reduce the COD level in the wastewater coming 
from pulp and paper mill has been tested. 
The free enzyme is a crude cell lysate (Table 4.2). The formulation is constituted by 
10 mM CuCl2 in 50mM Tris-HCl buffer pH 7.5 and 1% of Triton X-100. 
Table 4.2 Crude cell lysate composition 
Total protein concentration 3.23 mg/ml 
Laccase concentration About 25% of total protein concentration 
Other crude cell lysate constituents Cell wall, sugars, salts, other enzymes, proteins,… 
Before enzymatic treatment, the wastewater was filtered under reduced pressure 
by mean of a 0.45 µm glass fibre filter as reported in Material and Methods section, 
in order to remove the particles suspended in the sample which have 
demonstrated to affect the COD level (Table 4.3). 
Table 4.3 Contribution of particles suspended in wastewater to COD level 
Sample COD level (mg/l) 
wastewater before filtration 542 
wastewater after filtration 360 
The COD level of wastewater was measured before and after 24 hours of enzymatic 
treatment at room temperature (25°C) at 250 rev/min in order to check the activity 
of the free enzyme (Figure 4.2). 
Characterization of a native and immobilized microbial laccase formulated for 
waste water treatment 
 
116 
 
Figure 4.2 COD level observed in the wastewater after 24 h of enzymatic treatment. For the reaction 
about 0.8 µg of free protein preparation/ml of wastewater was employed 
As can be seen in Figure 4.2, the COD level of the wastewater sample increased 
after enzymatic treatment. This might be explained considering the constituents of 
the native enzyme preparation. In order to better explain this observation, some 
tests were performed by diluting the free enzyme preparation (Triton X-100 and 
Chloride Ions in 10 mM CuCl2 in Tris HCl buffer) in MilliQ water and wastewater and 
then by measuring the COD value at t 0 h and after 24 h (Table 4.4). 
Table 4.4 Contribution of the main constituents of native enzyme preparation to MilliQ and 
wastewater COD value 
Sample COD level (mg/l) 
t 0h t 24h 
MilliQ water 12 46 
MilliQ water + 10mM CuCl2 in 50mM Tris HCl buffer 72 160 
MilliQ water + 1% Triton X-100 52 174 
Filtered wastewater 398 392 
Filtered wastewater + 10mM CuCl2 in Tris HCl buffer 516 476 
Filtered wastewater + 1% Triton X-100 388 502 
Changes in COD value of MilliQ water during the 24 hours are negligible and COD of 
pure wastewater did not change, either. Constituents of enzyme formulation such 
as, CuCl2, Tris-HCl buffer and Triton X-100 after 24 hours demonstrated to affect 
the COD level both when diluted into MilliQ water or present in the wastewater. 
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Figure 4.3 Oxidation activity of the free laccase preparation towards pollutants was determined by 
subtracting to COD level of wastewater containing free laccase, the COD value of MilliQ water 
containing the free enzyme preparation and measured after 24hours 
On that basis, an indirect evaluation of oxidation activity of the free laccase 
preparation was done by subtracting the COD value measured for the sample of 
free laccase dissolved in MilliQ water from the COD of wastewater after 24 hours of 
enzymatic treatment (Figure 4.3). 
These data suggest that the laccase preparation is the main responsible of COD 
values increase and this formulation of native laccase is not suitable for wastewater 
purposes.  
Application of Immobilized Laccase for Wastewater treatment 
Laccase provided by SPRIN S.p.A. (covalently immobilized on methacrylic supports) 
were tested on wastewater. 
The reaction was conducted for 24 hours at room temperature (25°C) under 
agitation (250 rev/min) employing about 8.3 mgwet of immobilized preparation for 
ml of wastewater. 
Also in the case of the immobilized laccases , the assays demonstrated that COD 
value is strongly affected by the preparations, making the extent of enzymatic 
reduction of phenolic pollutants difficult to be established (Figure 4.4). 
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Figure 4.4 COD level observed in the wastewater after 24 h of enzymatic treatment. For the reaction 
8.3 mgwet of immobilized protein preparation/ml of substrate was employed 
As can be seen in Figure 4.4, the COD level of wastewater increased after 24 h of 
enzymatic treatment.  
Most probably, during the immobilization procedure the constituents of the crude 
cell lysate get adsorbed onto the solid polymeric support and afterwards released 
when added to wastewater (see Table 4.4).  
Also in this case, an indirect evaluation of the activity of the immobilized laccases 
towards oxidation of phenolic pollutants was evaluated by subtracting the COD 
value of MilliQ water after incubating the immobilized preparation for 24 hours to 
that of wastewater after 24 hours of enzymatic treatment (Figure 4.5). 
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Figure 4.5 Contribution of immobilized enzyme to the COD level increase in MilliQ water and 
capability of the preparation to reduce the pollutants into wastewater 
Data suggest that the immobilized laccase probably catalyzes the oxidation of 
phenolic pollutants contained in wastewaters even after immobilization. However, 
due to the constituents of native enzyme preparation it is difficult to determine the 
real extent of activity of the laccase and the efficiency of the immobilized 
preparations.  
4.4 Conclusions 
The study pointed out how the native enzyme preparation can strongly affect the 
final performance of an immobilized biocatalyst. Indeed, when employed for 
wastewater treatment the crude formulation containing the free laccase strongly 
affects the COD assay causing an increase of the COD level. 
Oxidizable substances most likely get adsorbed on the matrix during immobilization 
process and afterwards they are released in the reaction system when applied for 
wastewater purposes thus affecting, again, the COD level. 
The purification of the free enzyme preparation should be considered as a possible 
solution in order to avoid COD contamination and thus improving the 
performances of the immobilized enzyme. 
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4.5 Materials and Methods 
2,6-Dimethoxyphenol, MOPS buffer and all the chemicals where purchased by 
Sigma Aldrich. 
Wastewater 
Wastewater was from a Pulp and Paper Industry and kindly supplied by a customer 
of MetGen Oy. 
Laccases 
The enzyme employed was a microbial laccase expressed in Escherichia coli by 
MetGen Oy. 
Laccase Immobilization 
Laccase produced by MetGen Oy was covalently immobilized by SPRIN 
Technologies S.p.A. (Trieste Italy) on different methacrylic polymers functionalized 
with epoxy and amino groups according to a general immobilization protocols 
previously reported.125 The detailed chemical nature of the supports and the 
protein loading was not disclosed by the company. 
Water content of the immobilized enzyme 
The water content was expressed as percentage of the difference in weight of the 
preparation before and after 6 h at 110°C. 
Activity of free and Immobilized Laccase 
The activity of laccase was assayed in terms of 2,6-dimethoxyphenol oxidation. The 
reaction yields an unstable radical which forms only one polymerization product: 
3,3’,5,5’-tetramethoxybiphenyl-4,4’-diol (TMBP).124 
Upon oxidation of the substrate the colour of the reaction solution turns to orange.  
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The reaction was followed spectrophotometrically observing the absorbance 
increase at λ = 490 nm (Molar extinction coefficient TMBP ε490nm=14800 M
-1 cm-
1).126 
Enzymatic activity is expressed as the amount of the enzyme converting 1 µmol of 
substrate or generating 1 µmol of product at a given time at the temperature of 
60°C. 
As a convention the initial activity of the free enzyme was expressed as µmol min-1 
mg-1 (U/mg) while, for the immobilized enzyme the activity was calculated as µmol 
min-1 g-1 (U/gwet) employed for the reaction.
127 
2,6-DMP oxidation kinetic was carried out employing two 15 ml test tubes:  
A Blank sample containing 5.4 ml of 100mM MOPS buffer pH 7.0 and 0.6 ml of 100 
mM 2,6-DMP diluted in the same buffer, to screen the non-enzymatic oxidation of 
the substrate;  
A Sample for the enzymatic activity test containing 5.4 ml of 100 mM MOPS buffer 
pH 7.0, 0.6 ml of 100 mM 2,6-DMP diluted in the same buffer and the laccase in its 
native or immobilized form. 
The reactions were carried out in an oven at 60°C under stirring. Samples of the 
reaction were withdrawn at given times. 
The reaction system was carried out at pH 7.0 in 100 mM MOPS buffer. 
For spectrophotometric analysis the samples were prepared in a polypropylene 
380-well plates and the absorbance read at 490 nm with a Wallac 
spectrophotometer Victor2V, 1420 multilabel HTS counter. 
Withdrawals were taken at t 0/2/4/8/12/16/20/24/30 and 45 min when the 
reaction was catalyzed by the free enzyme and at t 0/1/3/6/9/12/15 and 20 min 
when the reaction was catalyzed by the immobilized enzyme. 
                                                             
126 Solano F., Lucas Elio P., Lopez Serrano D., Fernandez E., Sanchez Amat A., 2001, “Dimethoxyphenol 
oxidase activity of different microbial blue multicopper proteins”, FEMS Microbiology Letters, Vol.204, 
p.175-181  
127 Gardossi L., Poulsen P.B., Ballesteros A, Hult K., Svedas V.K., Vasic´-Racki D., Carrea G., Magnusson 
A., Schmid A., Wohlgemuth R., Halling P.J., 2010, “Guidelines for reporting of biocatalytic reactions”, 
Trends in Biotechnology, Vol.28, p.171-180 
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Enzymatic COD reduction in wastewater 
The COD (Chemical Oxygen Demand) level is expressed as mg/ml and is the amount 
of oxygen required to oxidize all the oxidizable substances in a given sample. 
The COD measurement was made by mean of a COD kit distributed by HACH Lange.  
The kit is constituted by glass vials containing 2 ml of potassium dichromate 
(K2Cr2O7) in sulphuric acid and Ag2SO4 as a catalyst. 
Oxidizable substances react with H2SO4/K2Cr2O7 solution. The reduction of Cr
6+ to 
Cr3+ turns the colour of the solution from orange to green. The coloration is 
evaluated spectrophotometrically at 600 nm. 
The concentration of COD was calculated on the basis of a calibration curve 
previously prepared. 
The calibration curve was made by 5 samples at different concentrations of COD: 0, 
250, 500, 750 and 1000 mg/ml, respectively. 
Before enzymatic treatment the wastewater was filtered under reduced pressure 
with a 0.45 µm glass fiber filter in order to remove oxidizable insoluble particles 
suspended in the sample. 
The wastewater was treated with free and immobilized enzyme in order to test the 
activity of the protein. 
The enzymatic wastewater treatment was performed employing about 0.81 µg of 
native protein/ml of substrate or 8.3 mgwet of immobilized preparation/ml of 
substrate, respectively. The reaction was carried out under agitation (250 rev/min) 
at room temperature (25°C) and monitored at t 0/2/4/6 and 24 hours.  
The reduction of COD content was evaluated against a blank sample constituted 
only by wastewater in order to detect any self-oxidation of the pollutants under 
open air. 
Since the free enzyme and the preparation where it is stored contains oxidizable 
substances which might interfere with the COD test, a blank sample of the native 
enzyme preparation in MilliQ water was considered.  
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Since the constituents of the enzymatic preparation might be adsorbed on the 
immobilization support and then released in the reaction mixture during the 
wastewater treatment with immobilized enzyme, a blank sample of the 
immobilized preparation in MilliQ water was considered.  
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General Conclusions 
In this thesis, the issue of stability of biocatalysts has been approached by studying 
both native and immobilized enzymes. The study of the stability of native lipases in 
water-solvent monophasic systems has pointed out how the three lipases 
considered (Candida antarctica Lipase B, Pseudomonas cepacia Lipase and 
Rhizopus oryzae Lipase) behave very differently. Organic solvents for some extent 
can even mimic more efficiently the physiological environment of lipases, since in 
nature they are not working on soluble substrates in diluted aqueous solutions. 
When another class of enzymes, such as laccases, were taken into account, the 
stability of the different proteins (Laccase from Basidiomycetous Panus tigrinus, 
Lentinus strigosus and Steccherinum ochraceum) resulted to be strongly dependent 
on the extent of glycosylation and not only on the protein structure. Again, the 
heterogeneity of the glycosylation pathways makes the construction of any rational 
model, based on enzyme structures, quite a formidable task. 
These observations suggest that when working with native enzymes each protein 
must be studied separately even if belonging to the same class. Therefore, general 
conclusions and models are hardly applicable when planning stabilization strategies 
in biocatalysis.  
This is also important when designing immobilization protocols aiming at stabilizing 
enzymes.  
Furthermore, when these proteins are immobilized, not only structural features of 
the enzymes must be considered but also the formulation of the native biocatalyst 
resulted to play a key role in the performances of the resulting immobilized 
protein. Additives and stabilizers are often the predominant components in 
commercial enzymatic preparations which most often are produced for different 
scopes than biocatalysis (e.g. formulation of detergents) and inevitably severely 
affect the efficiency of immobilization strategies. 
Although, the purification of the protein would be desirable for avoiding the 
interference of non-enzymatic components. It must be underlined that the use of 
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very crude enzymatic preparations is generally mandatory at industrial level when 
the cost of the immobilized biocatalyst has a major impact on the economic 
sustainability of the process. Therefore, enzymes to be applied in biocatalysis 
ideally should be fermented and processed according to tailored and optimized 
protocols, which enable the full exploitation of the catalytic potential of the 
enzyme upon immobilization. 
In conclusion, a larger and most efficient exploitation of enzymes in novel 
biotransformations will be feasible only through a strict integration of all the 
technological steps leading to the development of effective and economically 
competitive biocatalysts.  
